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Abstract
The performance of many electronic devices is presently limited by heat dissipation rates. One
potential solution lies in high-performance air-cooled heat exchangers like PHUMP, the multiple
condenser loop heat pipe presented here. This device features a number of design improvements
that lead to significant increases in performance relative to state of the art heat exchangers. In
this work, a compensation chamber is developed and implemented to ensure the operational
stability of the device across a wide range of operating conditions.
A computational model of the device was developed using COMSOL Multiphysics v3.5a to
allow for design optimization and performance evaluation. The accuracy of this computational
model was established by comparing simulation results to experimental data. Analytical models
were used to identify operating points of interest, which were simulated to compare the
performance of various designs. The final design featured reduced thermal resistance between
the vapor in the evaporator and the compensation chamber, and increased thermal resistance
between the compensation chamber and the ambient air relative to past designs. This design
reduced the risk of condenser flooding and evaporator dry out, improving the operational
stability of the device. This design was implemented into a ten-condenser prototype, where
experiments validated its performance. The compensation chamber did not require any electrical
heaters, reducing the power consumption of the device and increasing its COP. Finally, general
recommendations and guidelines are presented for use during the design process of future
compensation chambers.
Thesis Supervisor: John G. Brisson
Title: Professor of Mechanical Engineering
3
Acknowledgements
My time at MIT has been extremely rewarding, as I have been part of an incredible place that has
allowed me to develop academically, professionally, and personally. However, none of my work
would have been possible without the support and contributions of many of my friends, family,
and teachers.
First, I would like to thank my family for their years of support and love: my loving
parents Marie-Claire and Geoffrey, my sister Marie-France, and my brothers Alexandre and
Christian. Without them I would have never been able to come to MIT and accomplish so many
of my dreams, and their continued faith in my abilities has helped me through even the toughest
of times.
Professor John Brisson has been my research advisor these last two years and has
contributed greatly to my growth as an engineer. His abilities as a researcher, teacher, and
mentor are unparalleled, and I thank him for consistently pushing me to achieve my best. In
particular, his attention to detail in all areas, especially writing, has set him apart from his peers.
His guidance has helped me to grow immensely.
I have been incredibly fortunate to work on PHUMP, the unfortunately named heat
exchanger that is the focus of this thesis. The team that has brought this project to life are some
of the smartest people that I have ever worked with, and have helped to make this project a
pleasure to be a part of in spite of its challenges. In addition to my advisor, Professors Evelyn
Wang and Jeffrey Lang have worked tirelessly on all fronts on this project, and their efforts are
greatly appreciated. Dr. Teresa Peters and Dr. Martin Cleary have provided excellent support and
mentorship throughout the course of the project in their role as post docs, and their guidance has
helped me greatly. UROPs Jay Sircar and Kristyn Kadala gave valuable assistance in many areas
of this project, and I wish them the best in their careers. My fellow graduate students Arthur
Kariya, Daniel Hanks, and Wayne Staats are friends that I am honored to call colleagues; I have
greatly respect their integrity, dedication, and abilities, and I cherish the camaraderie and
friendship that we developed while working on this project. I also thank the Defense Advanced
Research Projects Agency, the Microtechnologies for Air Cooled Exchangers program, and its
managers Dr. Thomas Kenny and Dr. Avram Bar-Cohen, for making this work possible.
The Cryolab and its denizens have provided me with a great place to do research. I'd like
to thank all of my labmates (Phil Knodel, Victoria Lee, Martin Segado and Jake Hogan) for
making this place so enjoyable, and Doris Elsemiller, Michael Demaree, Paul Finn, and Don
Strahan for helping it to run so smoothly. I'd also like to thank Mark Belanger of the Edgerton
Machine Shop for taking the time to answer my numerous questions with incredible patience.
My peers in the Film Club and EVT have helped to make my time here enjoyable outside of
mechanical engineering.
Lastly, I'd like to thank all of my friends at MIT for making these last two years be some
of the most fun of my life. I've always known I can count on them to provide friendship, support,
and most importantly, laughter during the many periods of difficulty and duress these last two
years. While our time together may have been momentary, I know that these memories and
friendships will be with us forever, as we ride off into the friscalating dusklight.
4
Table of Contents
A bstract.......................................................................................................................................... 3
A cknow ledgem ents ....................................................................................................................... 4
Table of C ontents .......................................................................................................................... 5
List of Figures................................................................................................................................ 7
List of Tables ............................................................................................................................... 10
Chapter 1: Introduction ............................................................................................................. 12
1.1 M otivation .................................................................................................................. 12
1.2 Background................................................................................................................. 13
1.3 PH U M P: D escription of the System ........................................................................ 17
1.3.1 H eat Pipe Functionality........................................................................................ 18
1.3.2 The PHU M P D esign ............................................................................................ 20
1.4 The N eed for a Com pensation Cham ber ................................................................. 23
1.4.1 Condenser Flooding ............................................................................................ 24
1.4.2 Evaporator Dry-Out ............................................................................................ 25
1.4.3 Heat Pipes, Loop Heat Pipes, and Capillary Pumped Loops............................... 28
1.5 Prototype D evelopm ent .......................................................................................... 29
1.6 Literature Review ................................................................................................... 31
1.7 Thesis Outline............................................................................................................. 32
Chapter 2: Design of the Compensation Chamber............................................................... 33
2.1 Compensation Chamber Performance Requirements............................................. 33
2.1.1 Therm al Requirem ents........................................................................................ 33
2.1.2 M echanical Requirem ents.................................................................................... 38
2.2 D esign Overview ..................................................................................................... 40
2.3 D esign M ethods and Techniques............................................................................. 41
2.3.1 1-D Therm al Resistance Netw ork........................................................................ 41
2.3.2 Com putational Sim ulation ................................................................................... 44
2.4 Sim ulation Results and D esign Optim ization........................................................ 57
2.5 Com ponent M anufacturing...................................................................................... 58
2.6 Chapter Sum m ary ................................................................................................... 66
Chapter 3: Experim ental R esults .......................................................................................... 67
3.1 Testing Procedures and the Mk I and Mk II Prototypes......................................... 67
3.2 Testing of the Mk 1I1a Prototype and Performance Comparison ............................ 71
3.3 Integration of Mk Ila Evaporator into Heat Pipe Assembly ................................. 77
5
3.4 Mk IlIb Testing and Performance .......................................................................... 79
3.5 Chapter Summary ................................................................................................... 83
Chapter 4: Conclusions .............................................................................................................. 84
4.1 Compensation Chamber Design ............................................................................. 84
4.2 Prototype Characterization...................................................................................... 85
4.3 Application Considerations and Design Recommendations ................................... 86
4.4 Future W ork................................................................................................................ 87
4.5 Concluding Remarks .............................................................................................. 88
Bibliography............................................................................................. 89
6
List of Figures
Figure 1-1: Ranges of heat fluxes that can be cooled by various physical phenomena. Figure
taken from Staats [1]; originally adapted from [2]................................................................. 14
Figure 1-2: A typical air-cooled heat exchanger, the NZXT Respire T40. Heat transported from
the CPU to afin array that features forced convection from a modular fan. While simple, these
designs feature poor thermal resistance and system efficiency (Image taken from [4])........... 15
Figure 1-3: PHUMP, the high performance air-cooled heat exchanger developed in this work
Heat is input at the base of the device, where it is transported to condensers that act as fins. This
heat is dissipated to the air via impellers interdigitated between the fins driven by a low profile
electric m o to r. ............................................................................................................................... 1 7
Figure 1-4: Schematic of traditional heat pipe operation. The device is typically made of copper,
with copper or stainless steel used as the wicking structure. The choice ofworking fluid is
dictated by operating conditions, but at room temperatures ammonia and water are the most
p op u la r ch o ices............................................................................................................................. 19
Figure 1-5: The functionality of a Loop Heat Pipe is very similar to that of a traditional heat
pipe, although the liquid and vapor transport lines are separated and a wick is used in the
evap o ra to r a lo n e........................................................................................................................... 2 1
Figure 1-6: Schematic of PHUMP, including the evaporator and a single condenser. The
Compensation Chamber is constructed from a coarse copper sinter, the Insulating Layer from
Monel sinter, and the High thermal conductivity wick uses afine copper sinter..................... 22
Figure 1-7: Advancing and receding menisci at the liquid-vapor interface in the condensers of
PHUMP. Receding menisci have been shown to be more stable than advancing, and is the
preferred configuration for stable operation. Figure taken from Hanks [5]. ........................... 24
Figure 1-8: Flooding of the condenser occurs when the liquid pressure exceeds the vapor
pressure by an amount greater than the wick structure can support. Without the presence of a
wicking structure, the transition to flooding occurs more abruptly. Figure taken from Hanks [5].
....................................................................................................................................................... 2 5
Figure 1-9: The beginnings of evaporator dry-out, as vapor forces its way through the condenser
wick and entrains itself in the liquid line. Figure taken from Hanks [5].................................. 27
Figure 1-10: The three prototypes developed for the PHUMP project, (a) the single condenser
Mk I prototype, (b) the six condenser Mk II prototype, and (c) the ten condenser Mk III
p ro to typ e. ...................................................................................................................................... 3 0
Figure 2-1: Schematic of loop heat pipe operation showing evaporator, the uppermost and
lowermost parallel condenser sections, compensation chamber, and liquid and vapor lines. Blue
regions represent liquid flow, red and pink vapor, while airflow is shown with the green arrows.
....................................................................................................................................................... 3 4
Figure 2-2: Schematic of the evaporator used in previous prototypes...................................... 40
Figure 2-3: A 1-D thermal resistance network was used as afirst order model of the evaporator.
The compensation chamber temperature is set by the relative thermal resistances of conduction
from the vapor channels at the evaporator base and convection from the impeller above the
evaporator. Vapor is in pink, vapor flow in red, and liquid in blue .......................................... 42
Figure 2-4: Boundary conditions used on the evaporator during COMSOL modeling. Liquid and
vapor are in light blue and pink, respectively........................................................................... 46
7
Figure 2-5: Airflow (green) between the evaporator and condenser; the evaporator surface
temperature is assumed uniform at Ts, the condenser at Tvapor. This air has a radial
tem p erature distribution. .............................................................................................................. 48
Figure 2-6: Schematic of condenser interior. The subcooling region ('Subcooling Plates')
provides a region where sensible cooling of the liquid can occur. Figure adapted from Hanks [5]
....................................................................................................................................................... 5 0
Figure 2-7: Energy transfer in a differential element (width dx, height t) cross section of the
subcooling region. Heat transferred due to convection or conduction are shown with red arrows,
while the blue arrows represent energy transfers in and out due to liquid flow. ...................... 51
Figure 2-8: Predictions of two 'thermalfin' subcooling models (dotted and dashed lines)
compared to experimental data (triangles) for three fan speeds (colors). Note the poor
agreem ent between data and m odel.......................................................................................... 53
Figure 2-9: The geometry of the subcooling region used in the condensers, shown in (a), features
a length L that varies considerably along its width. This was instead modeled in (b) as afin of
constant length Leff and equivalent width W has the same overall area.................................... 54
Figure 2-10: Predictions of the 'effective length' thermal fin subcooling model (dashed lines)
compared to experimental data (triangles) for three fan speeds (colors). Note the improved
agreement between data and model when compared to that of Figure 2-8.............................. 54
Figure 2-11: Temperature profile in the mid plane of the compensation chamber from a
completed COMSOL simulation. The heat load into the evaporator was 1125 Wand the fan
speed was 6000 RPM Note the effect of subcooled liquid near the liquid lines on the temperature
p rof ile in th e d evice....................................................................................................................... 5 7
Figure 2-12: Pressure difference at the liquid-vapor interface in the condensers (P2-P3 in Figure
2-1) as a function of operating point for a variety of compensation chamber designs. The
flooding and vapor burst through limits (from [5]) are indicated by dashed red lines............ 59
Figure 2-13: The final evaporator and compensation chamber design (Mk III at right) compared
to the original Mk I design at left (enlarged for detail). Note the thinner layer of Monel sinter;
1.8 mm has been replaced with coarse copper sinter. Vapor and liquid lines and flows have been
o m itted h ere. ................................................................................................................................. 5 9
Figure 2-14: Predicted pressure difference across liquid-vapor meniscus in condensers (P2-P3) at
various heat loads and fan speeds for the 2.2 mm Monel, 1.8mm Cu insulating layer design. The
dashed lines indicate the limits for both condenser flooding and vapor penetration................ 60
Figure 2-15: The two impellers used in the final PHUMP prototype. Impeller 1 is used directly
above the evaporator and compensation chamber and offers approximately 60% of the
performance of impeller 13 (used elsewhere in the device). This specific convective performance
helps to precisely set the compensation chamber temperature. Figure adapted from Staats [1]. 60
Figure 2-16: Fabrication process of the evaporator. Ofparticular interests are steps 1 and 2, the
sintering of the compensation chamber and insulating layer. Figure adapted from Kariya [6]. 63
Figure 2-17: Components of the evaporator fabrication. The completed compensation chamber
wick and the graphite mold used in its sintering process are shown in A and B respectively. Parts
C and D show the equivalent parts used in the vapor channels. The monel case (or frame) and
the copper base plate of the evaporator are depicted in parts E and F. Figure adapted from
K a riy a [6] . .................................................................................................................................... 6 4
Figure 2-18: Cross section of an evaporator used in an earlier prototype. Note the thickness of
the insulating wick and its homogenous Monel composition. Figure adapted from Kariya [6].. 65
8
Figure 2-19: Compensation chamber wick (in brown) with existing liquid channels shown in
blue. To increase the volume of these channels, eight 2.5 mm (0.1 in) wide spacers are placed in
the graphite mold at locations shown in red............................................................................. 65
Figure 3-1: Schematic of the heat pipe cycle in both A) LHP and B) CPL operation modes. Pink
and light blue regions indicate liquid and vapor, respectively, while wicks are shown with the
hatched sections and electric heaters on the reservoir are orange. Note the change in location of
the two-phase region between the two operational modes. Figure adapted from Kariya [6]. .... 68
Figure 3-2: Schematic of the heat pipe cycle for evaporator testing. Note the presence of the
additional subcooler, a heat exchanger used to provide additional sensible cooling to the liquid
prior to returning to the evaporator. Figure sourced from Kariya [6].................................... 70
Figure 3-3: The heat pipe setup used for evaporator testing prior to device assembly. Image A)
shows a labeled top down-view of the components without the entire condenser, and B) shows
the entire cycle. Figure adaptedfrom [6]................................................................................. 72
Figure 3-4: Temperature difference between the compensation chamber and the vapor channels
for the M k IIla evap orator ....................................................................................................... 75
Figure 3-5: Temperature difference between the compensation chamber and the vapor channels
for the Mk I and Ia evaporators as a function ofvapor temperature...................................... 76
Figure 3-6: Temperature difference between the compensation chamber and the vapor channels
for the Mk I and IIla evaporator as a function of heat load...................................................... 77
Figure 3-7: Thermal performance of the Mk IfIb prototype for operation at 5000 and 6000 RPM
The slope of these lines represents the thermal resistance at eachfan speed These are the best
results from a series of tests and could not be achieved repeatedly........................................ 80
Figure 3-8: A defect in one of the condensers forms when sinter is removed from the subcooling
region during the machining process and a void is created Recently condensed liquid vaporizes
here and serves to set the liquid pressure within the device, flooding condensers, increasing
thermal resistance, and leading to unstable performance........................................................ 81
Figure 3-9:Flow reversion in the k III prototype; impellers are shown in blue. Nominally, air
enters through the axial inlet at the top and is pumped out radially by the impellers, as shown by
the dashed green lines. However, as the impeller above the evaporator features reduced
pumping power, it may be overwhelmed by the pumping power of the other impellers, causing
air to flow inwards radially over the evaporator (dashed red line). ......................................... 82
9
List of Tables
Table ]-]:Performance targets of the DARPA MACE program; typical values of the same metric
for a state of the art heat exchanger are provided for comparison (typical values taken from [1]).
....................................................................................................................................................... 1 5
Table 1-2: Performance and features of the three PHUMP prototypes.................................... 30
Table 2-1: Values ofparameters used in calculation of operating limits.................................. 38
Table 2-2: Values ofparameters in energy equation within evaporator................................... 42
Table 2-3: Values of boundary conditions applied to COMSOL model of evaporator for a typical
op era tin g p o in t.............................................................................................................................. 4 6
Table 2-4: Values ofparameters in energy balance on subcooling region............................... 52
Table 2-5: Material properties applied to sinter and Monel in COMSOL simulations. ........... 55
10
(This page intentionally left blank)
11
Chapter 1: Introduction
1.1 Motivation
In the last 20 years, the performance of computers has increased dramatically due to numerous
advances in processor technology. With these advances has come a need for similar
improvements in thermal management technology to dissipate the increasing heat load that
accompanies this performance increase. However, the rate of advance of these two fields has not
proceeded equally, with the state of thermal management lagging behind that of computing
power. So large is this gap that thermal management now represents the critical bottleneck to
improving computing performance. This need is felt across a wide range of fields, from personal
computers and commercial server installations to x-ray imaging and laser generation systems. In
all applications, it is critical that heat loads be dissipated efficiently to prevent damage to the
device being cooled due to excessive temperatures. Additionally, as the cooling needs of thermal
systems have increased, so too has the power consumption of their cooling systems, resulting in
a significant increase in energy use related to electronics cooling. This increase is only expected
to continue; it is estimated that the cooling needs of data centers alone could reach several
percent of total US power consumption by 2025 [20]. As such, there is an immediate need to
improve both the performance and efficiency of thermal management techniques.
To this end, the United States Defense Advanced Research Projects Agency, DARPA,
has issued grants with the expressed goal of significantly advancing the state of thermal
management. This work has been supported by one such grant program: Microtechnologies for
Air-Cooled Exchangers (MACE). This particular program targets air-cooled heat exchangers,
and provides a set of specific performance metrics that represent a substantial improvement to
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this thermal management technique. This work details the development of a component within
PHUMP, a device designed by a group of researchers at MIT to meet and exceed these
performance targets.
1.2 Background
A wide variety of thermal management solutions are presently in use, capable of dissipating a
range of heat loads for use in numerous different applications. These solutions can be classified
by the physical phenomena used to dissipate heat from a device. A discussion on the relative
merits of each of these phenomena is provided below, while Figure 1-1 illustrates the ranges of
heat fluxes that can be managed by each.
The simplest and most common method of electronics thermal management utilizes
natural or forced convection with air as a working fluid. A typical air cooled heat-exchanger, the
NZXT Respire T40, is shown in Figure 1-2 below. Nearly all desktop computers have relied on
this method as a means of thermal management, with a fan forcing air over an array of fins (often
made of aluminum) connected to the central processing unit. This method offers acceptable
performance for many applications and is attractive due to its low cost and simple, robust design.
However, this method is incapable of dissipating heat fluxes in excess of 10 4 W/m 2, a figure
commonly exceeded by many of today's electronic devices. This method is limited by high
thermal resistances caused by inefficiencies of traditional fin designs and fan architectures.
These systems are also electrically inefficient due to design limitations inherent to the fans used,
as discussed in Staats [1].
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Figure 1-]: Ranges of heat fluxes that can be cooled by various physical phenomena. Figure
taken from Staats [1]; originally adapted from [2].
When additional cooling power is required, single phase liquid cooling systems are used.
A simple liquid manifold is connected to the CPU (or other hot spots) to transfer heat to a fluid.
This fluid is then transported to a liquid-to-air heat exchanger, where heat is transferred to the air
via forced convection. While this design offers increased performance, additional components
are required that increase the complexity of the system. Most importantly, this configuration
introduces the risk of fluid leaks into the electronic system; this can cause electrical short
circuiting and system failure or destruction. As such, many manufacturers and users are reluctant
to make use of this solution. Additionally, this method requires significant energy input to the
fluid pump and fan that leads to system inefficiency.
The highest performance devices make use of two-phase cooling systems to mitigate hot
spots or manage high or ultra-high heat fluxes (defined as 106 and 109 W/m 2, respectively).
Techniques used include liquid-immersion cooling, spray and jet-impingement cooling, and flow
boiling systems, which are outlined by Mudawar [3]. Although they allow for increased
performance, these systems are subject to the same shortcomings and risks as single phase fluid
systems, often requiring great complexity and cost. These systems are also similarly inefficient,
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Figure 1-2: A typical air-cooled heat exchanger, the NZXT Respire T40. Heat transported from
the CPU to afin array that features forced convection from a modular fan. While simple, these
designs feature poor thermal resistance and system efficiency (Image taken from [4]).
and difficult to maintain over the life of a typical device. As such, they are reserved for situations
where their use is deemed absolutely necessary.
There exists a significant opportunity in the thermal management space for a device that
combines the simplicity, safety, and reliability characteristic of air-cooled heat exchangers with
the advanced performance capabilities of liquid cooling systems. The DARPA grant that has
fimded this research seeks to do just this, and features performance targets listed in Table 1-1
below. Two parameters are of particular interest: thermal resistance and coefficient of
performance (or COP).
Table ]-1:Performance targets of the DARPA MA CE program; typical values of the same metric
for a state of the art heat exchanger are provided for comparison (typical values taken from [1]).
Performance Metric DARPA MACE State of the art
Goal
Heat Load [W] 1000 100-200
Overall Thermal Resistance 0.05 0.2
[0C/W]
Coefficient of Performance 30 15-50
Envelope Dimensions [cm] 10xiOx10 -10x15x15
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Thermal resistance measures the effectiveness of a thermal management method and
comes from an analogy with electric circuits. Just as the current (I ) in an electrical circuit is
related to the voltage drop or potential difference that drives it (AV) by an electrical resistance
(Ohm's Law), the rate of heat transfer (Q ) in a thermal circuit is related to the temperature
difference ( AT ) that drives it by a thermal resistance ( Rh ). This can also be stated as
AT
1h =.1.1
Thus for a given temperature difference, a thermal management method with a low thermal
resistance will be capable of dissipating more heat than a method with a higher thermal
resistance.
COP provides a measure of cooling power efficiency and is the ratio of heat transfer rate
or cooling power to the electrical power (W ) required to operate the heat exchanger
COP= 1.2
Thus a device with a COP of 10 will dissipate a thermal load of 10 W for 1 W of electrical power
input; unlike thermal resistance, this parameter is dimensionless. As the amount of cooling
required for processor performance has increased, so too has the energy input required to achieve
this cooling load without resorting to excessive chip or device temperatures. Advances are also
required in the area of COP if these electrical needs are to be reduced as computing power
increases. To this end, this work targets improvement in this area as well in more traditional
metrics like thermal resistance and heat dissipation.
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1.3 PHUMP: Description of the System
To achieve these advanced performance metrics, the team at MIT has developed a high
performance air-cooled heat exchanger, call PHUMP and shown in Figure 1-3. Heat, Q, is
transferred to the device through its base, where the heat is transported to the fins by a loop heat
pipe mechanism. Ambient air is drawn into the device axially by impellers interdigitated between
each fin layer. The air then travels between the fins, cooling them, before exiting radially
outward. The impellers rotate on a common shaft driven by a low profile electric motor housed
at the top of the device.
Two critical innovations are responsible for PHUMP's exceptional performance. First, it
utilizes a loop heat pipe to efficiently transport heat to the planar condensers that also function as
Cool Air In
U
Motor
Impeller
Condenser g
Vertical Fluid
Connector
Evaporator
Heat Transfer (O)
Figure 1-3: PHUMP, the high performance air-cooled heat exchanger developed in this work.
Heat is input at the base of the device, where it is transported to condensers that act as fins. This
heat is dissipated to the air via impellers interdigitated between the fins driven by a low profile
electric motor.
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fins. This creates a large isothermal surface area of fins that allows for efficient heat transfer of
high heat loads. The use of a heat pipe to transport heat to these fins ensures that there is a little
temperature drop between the heat source and the fins. In a conventional air-cooled heat
exchanger, the fins are not nearly as hot as the source and feature significant spatial temperature
gradients that reduce the fins ability to dissipate heat. This efficient use of surface area allows for
a design that is several times smaller than a traditional one with comparable performance.
Second, the device features impellers interdigitated between the condenser layers for enhanced
heat-transfer. This configuration allows for efficient heat transfer from the fins (condensers) to
the air, while requiring less electrical power to do so than with a more conventional modular fan
(such as that shown in Figure 1-2). Further details on impeller development and fan performance
are provided in Staats [1].
1.3.1 Heat Pipe Functionality
Heat pipes rely on an evaporation condensation cycle driven by capillary forces to efficiently
transport high heat loads. This design allows for very high effective thermal conductivities
without requiring additional energy input to drive a liquid pump. Heat pipes are simple, robust
and offer high performance, a long life span, and low cost. Heat pipes typically utilize a
cylindrical form factor and are constructed from a hollow tube that is initially evacuated and
filled with a working fluid before being hermetically sealed. The effectiveness of this basic
design has led to their widespread use in cooling applications, as well as the development of
design variations that offer increased performance.
A schematic detailing the operation of a traditional heat pipe is shown in Figure 1-4. Heat
is input into the evaporator section of the device, where it causes evaporation of the working
18
Heat input Heat output
Liquid flow Vapor flow
Iwall Wck
Evaporator Adiabatic Condenser
section
Figure 1-4: Schematic of traditional heat pipe operation. The device is typically made of copper,
with copper or stainless steel used as the wicking structure. The choice ofworking fluid is
dictated by operating conditions, but at room temperatures ammonia and water are the most
popular choices.
fluid. This vapor travels along the core of the device to the condenser region, where external
convective heat transfer causes condensation of the working fluid onto the walls of the device.
Transport of this vapor is driven by the pressure difference that exists between the condenser and
the evaporator; the pressure is higher in the evaporator as it is hotter than the condenser. This
pressure gradient forces vapor from the evaporator to the condenser region at the opposite end of
the device. Heat pipes feature some form of surface enhancement along the walls of the device to
allow for improved fluid transport from the condenser to the evaporator, typically in the form of
grooves or a wick. The capillary forces generated by this enhancement drives the liquid phase of
the working fluid from the condenser back to the evaporator, restarting the cycle.
Heat pipes achieve their excellent thermal-fluid performance by taking advantage of the
latent heat and surface tension of their working fluid. PHUMP uses water as working fluid as it
features very high values of both parameters; this makes it a popular working fluid for heat pipes
operating at temperatures between 0 and 100*C.
The traditional heat pipe design is not without its disadvantages, however. The use of a
wick to pump liquid leads to high frictional (viscous) losses in the liquid phase and limits the
distance along which liquid (and hence the heat) can be transported effectively. Additionally,
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heat pipes are sensitive to their orientation, leading to reduced performance or complete failure
in certain positions. A solution lies in Capillary Pumped Loops (CPLs) and Loop Heat Pipes
(LHPs). The general functionality of an LHP is shown in Figure 1-5 below. Heat is input into the
evaporator, where it causes phase change of the working fluid. The vapor then travels through a
dedicated vapor line to the condenser, where again forced convection is used to capture the latent
heat of vaporization and cause phase change back to liquid. Liquid then returns to the evaporator
of the device by travelling through a dedicated liquid line that does not use sinter (or some other
form of surface enhancement) to drive fluid flow through the loop. Capillary pumping is
provided by a wick in the evaporator, reducing viscous losses and allowing for heat transport
across greater distances. These designs can also accommodate multiple condensers to allow for
dissipation of increased heat loads when compared with traditional heat pipes, and can be
designed to operate independent of orientation. However, their design is generally more complex
and features additional components, sacrificing some of the simplicity and elegance of the
traditional heat pipe design.
1.3.2 The PHUMP Design
A schematic of the PHUMP design is shown in Figure 1-6 below. Heat is transferred into the
base of the evaporator and conducts into a sintered wick, where it causes the working fluid to
evaporate into a manifold of interconnected vapor channels. This wick is made of fine copper
with a small pore size to provide the capillary pumping ability necessary to drive fluid through
the loop and features high thermal conductivity to minimize thermal resistance. Vapor travels
through these channels and into vertical transport lines that deliver it to the device's condensers.
Here, vapor is cooled by the forced convection of the impellers and changes phase back to liquid.
20
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Sub-ooledliquid + + +
Condenser
Evaporator |
Liquid
line Wic'
Compensation Heat input
chamber
Figure 1-5: The functionality of a Loop Heat Pipe is very similar to that of a traditional heat
pipe, although the liquid and vapor transport lines are separated and a wick is used in the
evaporator alone.
The condensers feature a sintered monel wick with a moderate pore size to evenly spread liquid
across the condenser surface and to separate the liquid and vapor phases.
Liquid travels back to the evaporator, passing through the compensation chamber before
returning to the fine copper wick and completing the cycle. The compensation chamber serves to
ensure the operational stability of the device, and is the focus of this work. It is made of a coarse
copper sinter with a larger pore size than that of the evaporator base to allow for fluid transport
with low viscous losses but good thermal spreading. In between these two components of the
evaporator is a thin layer of Monel sinter known as the insulating layer to provide thermal
separation. Monel sinter is also present in the condensers of PHUMP; this wick structure assists
in the separation of the liquid and vapor phases present in the condenser to prevent failure of the
device.
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Figure 1-6: Schematic of PHUMP, including the evaporator and a single condenser. The
Compensation Chamber is constructed from a coarse copper sinter, the Insulating Layer from
Monel sinter, and the High thermal conductivity wick uses afine copper sinter.
The structure of PHUMP is made of Monel, with the exception of the copper evaporator
base. This includes the evaporator frame, the vertical fluid connections, and the condenser
frames. Monel is a nickel-copper alloy that features excellent corrosion resistance and chemical
compatibility with water in heat pipes.
The PHUMP project was completed by a team of researchers at MIT. The condenser and
evaporator design and construction were completed by Hanks [5] and Kariya [6], respectively,
while the thermophyscial characterization of the sinter used in the device was performed by
Dominguez [7]. The characterization of airflow in the device and impeller design was performed
by Allison [8] and Staats [1], while the electric motor design was carried out by Jenicek [9].
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1.4 The Need for a Compensation Chamber
Within the condenser of a heat pipe the liquid and vapor phases of the working fluid meet. At
this interface, there is a pressure difference between the two phases that, if not controlled, can
lead to reduced performance or the total failure of the heat pipe through one of two failure
modes. The compensation chamber is installed to control this pressure difference and prevent
these failures from occurring; it also extends the range of operating conditions and heat loads
that the heat pipe can function in.
The stability of the liquid-vapor interface in the condenser is dependent upon the pressure
difference between the two phases, the working fluid used, and the geometry of the sintered wick
in the condensers. The pressure difference across the liquid-vapor interface in the condenser is
governed by the Young-Laplace equation:
= 2acos . 1.3
r
Here AP is the pressure difference between the two phases, a is the surface tension, 0 is the
contact angle between the liquid and the solid surface, and r is the radius of curvature of the
interface. When the vapor pressure exceeds the liquid pressure in the condenser, the liquid
menisci between bulk gas space and the sinter liquid space will be concave; this configuration is
referred to as a receding meniscus. Similarly, when the liquid pressure exceeds the vapor
pressure, the menisci will be convex and is referred to as an advancing meniscus. These two
configurations are shown in Figure 1-7 below.
Experimental work has shown that the receding meniscus configuration is more stable
than advancing, as it is capable of supporting a greater excess pressure before failing. For the
Monel sinter used in PHUMP's condensers (particle size of 44 pim), a receding meniscus can
support an excess pressure of 8 kPa, while an advancing meniscus can only support 1 kPa [5].
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Figure 1-7: Advancing and receding menisci at the liquid-vapor interface in the condensers of
PHUMP. Receding menisci have been shown to be more stable than advancing, and is the
preferred configuration for stable operation. Figure taken from Hanks [5].
As such, a receding meniscus is preferred at all operating conditions. This requires the vapor
pressure to exceed the liquid pressure in all condensers, and is accomplished using the
compensation chamber.
1.4.1 Condenser Flooding
Condenser flooding in PHUMP occurs when the liquid pressure exceeds the vapor pressure in
the condenser, and is depicted in Figure 1-8 below. This causes advancing menisci to form in the
condenser. This configuration is unstable, as advancing menisci can only support a pressure
difference of less than 1 kPa. Once this limit is exceeded, the capillary forces of the wick can no
longer support the pressure difference between the two phases. Due to the geometry of PHUMP,
a gravitational pressure head develops on the liquid side of the device. When upright, the liquid
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Vapor Liquid
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Figure 1-8: Flooding of the condenser occurs when the liquid pressure exceeds the vapor
pressure by an amount greater than the wick structure can support. Without the presence of a
wicking structure, the transition to flooding occurs more abruptly. Figure taken from Hanks [5].
pressure in the lowest condenser exceeds that of the top condenser; the distance between these
two condensers is 100 mm, leading to a gravitational pressure head (pgh ) of 1 kPa. If advancing
menisci form in the upper condensers, the gravitational pressure head will cause the menisci to
fail in the lower condensers.
When an advancing meniscus fails, liquid floods into the vapor space of the condenser
and reduces the surface area available for condensation in the device. As PHUMP features
multiple condensers, this particular failure mode is not catastrophic but does lead to reduced
performance as the thermal resistance of the device increases. Although advancing menisci are
capable of supporting a small pressure difference, their unstable nature makes them poorly suited
for PHUMP. As such, the liquid pressure must not exceed the vapor pressure in all condensers.
1.4.2 Evaporator Dry-Out
The second failure mode, evaporator dry-out, has more serious consequences than condenser
flooding. Evaporator dry-out can occur when vapor enters the liquid lines of the device. This
vapor can block liquid flow in these lines, preventing liquid from returning to the evaporator and
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starving the evaporator of liquid. When this occurs, the heat transferred into the evaporator
cannot evaporate any working fluid and instead causes the evaporator temperature to rise,
leading to an uncontrollable rise in the liquid and vapor pressures and temperatures in the device.
This causes temperature of the evaporator base and thus the chip (or electronics component) that
is being cooled to rise significantly, risking damage.
Evaporator dry-out can occur in two ways. First, if any liquid is near its saturation
temperature in the liquid lines, it can flash boil into vapor. To mitigate this risk, the wick
structure in the condenser forms a wide fin like structure known as the 'subcooling region' near
the liquid lines. This region provides an area for sensible cooling of the working fluid to occur,
reducing the temperature of liquid exiting the condenser to several degrees below saturation. If
the vapor pressure exceeds the liquid pressure in the condenser, vapor will entrain itself in the
liquid lines of the device.
If the vapor pressure significantly exceeds the liquid pressure in the condenser,
evaporator dry-out may also occur. When this occurs, vapor forces its way through the wicking
structure in the condenser into the liquid line, as shown in Figure 1-9 below. The maximum
pressure difference that the sintered wick can withstand, AP., is again given by the Young-
Laplace equation:
A 2P = -c 1.4
a
Here, the radius of curvature of the liquid-vapor meniscus has been replaced by a , the pore size
in the condenser wick; a is typically approximated as the particle size of the sinter used. In
PHUMP, APx is referred to as the 'capillary pressure' (P, ) of the condensers. The capillary
pressure is a result of the processes used in the manufacturing of the condensers and was
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Figure 1-9: The beginnings of evaporator dry-out, as vapor forces its way through the condenser
wick and entrains itself in the liquid line. Figure taken from Hanks [5].
experimentally measured using a process described in Hanks [5]; typical values fall in the range
of 6-10 kPa.
Although the use of a wick structure in the condensers reduces the risk of these device
failures, additional measures are needed if the device is to function effectively and in a stable
configuration across a range of operating temperatures. To this end, the compensation chamber is
integrated into the device to control the liquid-vapor pressure difference in the condensers. This
is achieved by controlling the pressure on the liquid side of the device via a thermal control
mechanism (the presence of a wick within the condensers allows for the independent control of
liquid and vapor pressures). Within the compensation chamber, the working fluid is maintained
at a state of saturation such that the temperature and pressure of the working fluid are coupled.
This allows for control of the liquid pressure by setting the compensation chamber temperature.
This temperature must be carefully maintained to avoid device failure; if the liquid pressure
becomes too high, flooding will occur, while if it is too low evaporator dry out can take place.
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1.4.3 Heat Pipes, Loop Heat Pipes, and Capillary Pumped Loops
While all loop heat pipes include a compensation chamber, there are differences in its
implementation that serve to define two categories of heat pipe. When the compensation
chamber is integrated into the evaporator of the heat pipe, the device as a whole is referred to as
a Loop Heat Pipe (LHP). However, when external to the evaporator, the compensation chamber
is instead referred to as the liquid reservoir, while the device as a whole is known as a Capillary
Pumped Loop (CPL). In this arrangement, liquid flows into and out of the reservoir only as the
operating point changes, and not during steady state operation as in a compensation chamber.
The temperature control mechanism of this component also often differs amongst
designs; as the temperature of this region is typically above ambient, heat input is required to
maintain the working fluid at a state of saturation. This is typically accomplished through the use
of some form of electric heaters in what is known as active temperature control. Active control is
used for both CPLs and LHPs, and is the most common temperature control technique. However,
it is also possible to control the temperature of the compensation chamber passively. Here, waste
heat from the evaporator is used to maintain the saturation state within the compensation
chamber. This method is used only on LHPs, and is much less common as it requires careful
design of the evaporator and compensation chamber. However, the lack of electric heaters
reduces the energy requirements of the device, increasing its COP.
The Mk III PHUMP is an LHP that uses a passive compensation chamber for exactly this
reason. Previous prototypes had featured both a compensation chamber and a liquid reservoir
with electric heaters. These heaters required between 5 and 20 W of power to maintain the
reservoir at the appropriate temperature, depending on operating conditions. This power
consumption is comparable to that of the electric motor that drives the impellers (~30 W). Given
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the maximum power consumption of the device of 33 W, the decision was made to remove the
electric heaters and instead use a passive compensation chamber on the Mk III PHUMP. The
design of this component is the focus of this work.
1.5 Prototype Development
Three prototypes were developed during the PHUMP project. Each of these prototypes was
designed to meet a set of performance targets. Following manufacture, extensive experimental
testing was performed to characterize and understand the device's operation and measure key
performance metrics (in particular thermal resistance and COP). These three prototypes are
shown in Figure 1-10 below, and are discussed in greater detail in Chapter 3 of this work.
The Mk I prototype (Figure 1-10(a)) was designed to provide a proof of concept of the
PHUMP design and better understand the basic operation of a loop heat pipe. This device
featured and a single condenser, and as such is termed the Single Condenser Prototype or SCP in
Kariya [6]. The Mk II prototype (Figure 1-10(b)) allowed for the characterization of a multiple
condenser loop heat pipe and was capable of dissipating greater heat loads than the Mk I
prototype. The Mk II prototype utilized six condensers and is termed the Multiple Condenser
Prototype or MCP in Kariya. The final prototype constructed, the Mk III (Figure 1-10(c)), was
designed to meet or exceed the performance targets set forth by DARPA. The relative features
and performance of these prototypes are summarized in Table 1-2 below; note that COP is not
included as data on power consumption is not available for the Mk I and II prototypes.
Unlike the Mk I and II prototypes, the Mk III prototype did not include an external liquid
reservoir in addition to its compensation chamber. As such, it could only function as an LHP, as
opposed to the Mk I and II prototypes which could operate as both LHPs and CPLs. This work
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Figure 1-10: The three prototypes developed for the PHUMP project, (a) the single condenser
Mk I prototype, (b) the six condenser Mk II prototype, and (c) the ten condenser Mk III
prototype.
Table 1-2: Performance and features of the three PHUMP prototypes.
Mk I Mk II Mk III
Maximum Heat Load 200 W 500 W 900 W
Minimum Thermal 0.177 0C/W O.10*C/W 0.063 0C/W
Resistance
Number of Condensers 1 6 10
Compensation Chamber Yes Yes Yes
Heated Liquid Reservoir Yes Yes No
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details the design, manufacture, and testing of the compensation chamber used in the Mk III
prototype.
1.6 Literature Review
Although LHPs and CPLs are widely used in a number of different industries, particular
application requirements often necessitate application-specific designs. Nowhere is this more
true than in the aerospace industry, which is responsible for the bulk of application based LHP
and CPL literature produced. In this field, unique heat pipes are developed for each application,
and mass production of a particular design is the exception. As such, there is not a significant
body of work that describes the general designs of compensation chambers. Instead, when
designing a compensation chamber it is necessary to follow the unique guidelines and constraints
set forth by the design of each device. This arrangement is not surprising when one considers the
subordinate role that the compensation chamber typically plays in initial considerations of heat
pipe design.
In spite of this, there are a set of general rules and best practices that become apparent
when the relevant literature is considered. The vast majority of work in this field has focused on
traditional evaporator designs that utilize a cylindrical form factor, while PHUMP's evaporator
features a flat plate geometry that allows for a large heated area for use in a wide range of
applications. Despite these differences, much of the work done by Ku [10], Schweickart et al.
[11], and Nikitkin et al [12] is nonetheless relevant to this work as it characterizes the behavior
of LHPs and CPLs that remains constant regardless of design or geometry. Further general
information on heat pipes is provided in the work of Reay and Kew [13] and Faghri [14].
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1.7 Thesis Outline
The goal of this work is to detail the design and integration of a compensation chamber for use in
a multiple condenser loop heat pipe. The resulting design was used in Chapter 1 described the
motivation for this work, outlined some of the challenges present in this design process, and
provided background information on compensation chamber design. Chapter 2 details the
specific design requirements of the compensation chamber to be used in PHUMP, and the
process and methods used arriving at the designs used in the PHUMP prototypes. Chapter 3
explains the experimental analysis used to evaluate the performance of the PHUMP prototypes
and describes these results' implications on compensation chamber performance, as well as
comparing the expected and actual performance of various compensation chamber designs.
Finally, Chapter 4 provides conclusions for this work, evaluating the effectiveness of the designs
used and indicating potential areas for improvement and future work, in addition to outlining
some general guidelines for compensation chamber design.
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Chapter 2: Design of the Compensation Chamber
This chapter details the development of the compensation chamber used in the 10-condenser
PHUMP prototype. First, the thermal and mechanical performance requirements of the
compensation chamber are outlined. Initial designs are surveyed, and a form factor is selected.
The analytical and computational methods used in the design process are described, and the
performance of various designs is compared. A final design is selected, and computational
predictions of its performance are given. Additional information is provided on the
manufacturing process used to fabricate this component.
2.1 Compensation Chamber Performance Requirements
The compensation chamber is a key component within a Loop Heat Pipe (LHP), and its design
must be considered carefully if it is to perform its role effectively. Like many LHPs, PHUMP has
certain design characteristics that place a set of unique design requirements on the compensation
chamber. These thermal and mechanical requirements must be fully understood before
proceeding to the design phase.
2.1.1 Thermal Requirements
The primary role of the compensation chamber in PHUMP is to ensure that the device can
operate over a wide range of operating conditions. In particular, this means that the device must
avoid entering into any of the two failure modes described in Section 1.4. These two failure
modes occur when the pressure difference at the liquid-vapor interface in the condensers falls
outside of a range of stable values. The compensation chamber mitigates this risk by controlling
the pressure on the liquid side of the device. As the compensation chamber achieves this control
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thermally, the constraints on the compensation chamber pressure can be expressed as limits on
its temperature. These limits are described below using a procedure adapted from that of
McCarthy [15] and Ku [10]. Figure 2-1 is provided to illustrate relevant locations throughout the
device.
As PHUMP features multiple condensers oriented in a vertical stack, a significant liquid
pressure head develops in the device as described in Section 1.4.1. When in its nominal (upright)
orientation, the liquid pressure in the lowest condenser is approximately 1 kPa higher than the
condenser furthest from the evaporator due to the 100 mm hydrostatic head (pgh.) between
top and bottom condensers. In a traditional LHP, this would lead to flooding of the condensers.
Condenser
Condenser
Compensation
Chamber
Insulating Layer
Vapor Channels
h
Vapor Bubble
-- Evaporator
I I I Heat Input I I I
Figure 2-1: Schematic of loop heat pipe operation showing evaporator, the uppermost and
lowermost parallel condenser sections, compensation chamber, and liquid and vapor lines. Blue
regions represent liquid flow, red and pink vapor, while airflow is shown with the green arrows.
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The use of a wicking structure in the condensers of PHUMP reduces this risk, as it allows for
control of the liquid pressure. To prevent flooding from occurring, the pressure of the liquid in
the condenser wick must be less than the vapor pressure in the condenser. This places an upper
bound on the compensation chamber temperature, or
P2 > P3 ,2.1
where P2 represents the vapor pressure in the lowermost condenser (at position 2) and P3 is the
liquid pressure in the lowermost condenser wick (at position 3). P3 can be related to the liquid
pressure in the compensation chamber (P5) through the viscous losses that occur as the liquid
travels through the condenser wick (AP3'±1) and the liquid pressure head (pighmj) within the
device (the viscous pressure drop in the open liquid spaces can be neglected). The liquid pressure
is highest in the lowest condenser, so it will always flood first. As such, the distance between the
compensation chamber and this lowest condenser, hmin, is used in all calculations of hydrostatic
head, or
P3 = P5 - pighmin + AP'±. 2.2
Similarly, the vapor pressure in the condenser can be related to the pressure in the evaporator's
vapor channels (P1 ) by accounting for the viscous losses that occur as the vapor travels through
the vapor manifold in the evaporator (A Pl'Y).
P2 = P1 - APr± . 2.3
Note that we have not included the vapor pressure head as it is negligible compared to other
terms. Relations 2.2 and 2.3 can be combined to give the pressure difference between the
compensation chamber and the evaporator.
P1 - P5 = AP3'± + AP,'Y2 - p 1ghmin- 2.4
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This pressure difference, Pi - P5 , is the pressure difference across the evaporator menisci and
must be maintained as a positive quantity (corresponding to a receding meniscus) to avoid
flooding of the evaporator vapor channels. As the fluid in both the vapor channels and the
compensation chamber are at saturation states, the pressure difference between the two can be
related to their temperature difference by sat' the local slope of the saturation curve.
P1 - Ps = (T1 - TO) sat.25
Substituting relation 2.5 into 2.4 and recognizing that Pi - PS must be greater than zero yields
the thermal criteria for the compensation chamber that must be met if condenser flooding is to be
avoided.
(dP2 
.
(T1 - T) > (AP3'± + AP11 '2 - Pighmin)/ - -a 2.6kdTJ sat
Relation 2.6 prescribes the minimum temperature difference between the compensation chamber
and the vapor channels. If it is less than this, the lowermost condenser in PHUMP will flood. To
achieve this minimum temperature difference, sufficient thermal resistance between the vapor
channels and the compensation chamber within the evaporator is needed. As will be seen later,
this thermal resistance is dominated by the thickness of the insulating layer.
If the pressure difference across the liquid-vapor interface in the condensers becomes too
large, vapor can burst from the vapor space through the condenser wick and into the liquid lines.
This can cause evaporator dry out, as described in section 1.4.2. To avoid this, the pressure
difference across the interface must not exceed the capillary pressure, Pcap, the maximum
pressure difference that can be supported by the condenser wick, or
Pcap > P2* - P3* . 2.7
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The uppermost condenser always experiences vapor burst through first as the liquid pressure
here is lowest. As such, the distance between the compensation chamber and this uppermost
condenser, hmax, is used calculating this burst through limit. The star notation in all superscripts
(i.e. P2*) is used to differentiate pressures in this uppermost condenser from those in the
lowermost.
Requirement 2.7 can be rearranged to relate the pressure difference across the liquid-
vapor interface in the top condenser to the temperature difference between the compensation
chamber and the evaporator vapor channels.
PcaP > P1 - AP1 '2 - Ps - AP3' '4 + pig hmax 2.8
Pcap ~2.8
Pcap + AP1'Y2 + AP3'I4 - Pi9hmax > 7 1 - Ts) d)sat 2.9
Relation 2.9 places an upper bound on the temperature difference between the compensation
chamber and the vapor channels. If (T1 - T5 ) exceeds this value, vapor will begin to burst
through the wick in the uppermost condenser and evaporator dry out may occur. This limits the
thermal resistance between the vapor channels and the compensation chamber; if it is too low,
this maximum temperature difference will be exceeded.
The two thermal constraints presented in relations 2.6 and 2.9 establish bounds on the
temperature of the compensation chamber relative to the evaporator. To meet these criteria, the
thermal resistances between the vapor channels, the compensation chamber, and the ambient
temperature above the evaporator must be carefully selected. The design of this thermal circuit is
the primary focus of the remainder of this chapter.
Table 2-1 below includes typical values for many of the parameters used in the above
equations for operation at a fan speed of 6000 RPM and a heat load of 1125 W. The viscous loss
37
Table 2-1: Values ofparameters used in calculation of operating limits.
Quantity Value
P1  34.6 kPa
AT'is 1.83 kPa
AP'is 2.25 kPa
p1ghmax 1.0 kPa
p1ghmin 0.2 kPa
Pcap 8.0 kPa
Tambient 22.5 *C
T1  72.5
0 C(dP 1.47
dsat oc
through the condenser wick and the condenser capillary pressure, APf'±i and Pcap, respectively,
were determined experimentally using methods described in Hanks [5]. The viscous losses in the
evaporator's vapor channels, APliS2 , were calculated computationally using COMSOL
Multiphysics simulations described in Kariya [6]. The hydrostatic pressure heads, pighmin and
p1ghmax, are a result of the geometry of the device and reflect values of hmin and hmax of 20
mm and 100 mm, respectively. The vapor temperature at this operating point, T1, is provided by
an air flow model from Staats [1] used to predict the performance of PHUMP prototypes and
described later in this work. The associated saturation pressure, P1 , and the slope of the
saturation curve, -P) evaluated at T1, the vapor temperature, are taken from established(_Tsat
property data tables [16].
2.1.2 Mechanical Requirements
The thermal requirements outlined above define the thermal design requirements of the
compensation chamber in PHUMP to stabilize the liquid-vapor interfaces within the condensers
of the device. The compensation chamber must also accommodate the volumetric expansion and
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contraction that occurs as the device operates over a range of environmental conditions. As the
fluid's density changes with temperature, the total volume occupied by the liquid phase varies as
the operating temperature changes. The compensation chamber must be sized appropriately to
accommodate this volumetric expansion. The volume of the liquid channels in the compensation
chamber also changes due to thermal expansion of the copper sinter over this temperature range.
Due to the small coefficient of thermal expansion of Monel relative to water, this change is very
small over the temperature range experienced by PHUMP and is neglected (Monel has a thermal
expansion coefficient of 2* 10 OC [17]; its expansion is more than three orders of magnitude
less than water over this same temperature range).
A procedure for sizing a compensation chamber is provided in explicit detail by Ku [10].
Its most basic requirement is that the volume of the expansion chamber be larger than the total
possible range of volume change of the liquid under all operating conditions, or:
Vcc > mi,max(vl,hot - vi,cold) 2.10
Where, V1,hot is the specific volume of the liquid at the maximum operating temperature of the
device, V1,cold the minimum operating temperature of the device, and Vcc the compensation
chamber volume. mi,max is the liquid mass in the device at the maximum fill ratio; this fill ratio
is used to determine the lower bound on the compensation chamber volume as here the
volumetric swing will be the greatest.
The compensation chamber included on the first two prototypes featured a total volume
of 5.6 mL. This proved sufficient for operation between 20 0 C and 75 0 C. However, as the final
prototype featured additional condensers and working fluid, more volume was needed.
Modifications to the compensation chamber design were required to expand the capacity of the
component by 1 mL, a process discussed in greater detail in section 2.5.
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2.2 Design Overview
As LHPs and CPLs are often designed for particular applications, many of the components
within the device are designed to meet a unique set of requirements. As such, no single
compensation chamber or liquid reservoir design predominates, with the application and
operating profile dictating the unique requirements that the designer must follow. This is true of
PHUMP, where the compensation chamber design was heavily influenced by manufacturing and
geometric constraints in addition to those mentioned above.
A cross section of the evaporator used in previous prototypes is shown in Figure 2-2 and
depicts the various wicking layers used in the device. This initial design placed the compensation
chamber at the top of the evaporator, separated from the vapor channels by a 4 mm thick layer of
Monel sinter known as the insulating layer. The first two prototypes featured a liquid reservoir
external to the evaporator in addition to this compensation chamber, allowing the device to
function as both an LHP and a CPL. However, although LHP functionality was observed, a
redesign of the compensation chamber was necessary to achieve the high performance required.
Liquid Air Flow
Compensation
ChamberVapor BubbleChamnber
Insulating Layer Vapor
Vapor Channels Evaporator
Heat Input
Fine Cu Coarse Cu Monel
Sinter Sinter Sinter
Figure 2-2: Schematic of the evaporator used in previous prototypes.
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A number of compensation chamber designs were considered during the initial design
phase. Due to geometry and manufacturing constraints, an optimization of the evaporator and
compensation chamber from the Mk I prototype was used rather than a complete redesign. Using
a modified version of this design reduced uncertainty and manufacturing time, significant
advantages given the constraints on the project.
The success of the compensation chamber lies in the relative values of the thermal
resistances between the vapor channels and the compensation chamber, and the compensation
chamber and the ambient air above the evaporator, as these set the compensation chamber
temperature. The conduction resistance between the vapor channels and the compensation
chamber can be varied by modifying the thickness of the insulating layer that separates the two,
while the convective resistance that separates the ambient air from the compensation chamber
can be modified by changing the convection coefficient above the evaporator using different
impeller designs. The methods used to select optimal values for these resistances are presented in
section 2.3 below.
2.3 Design Methods and Techniques
Simple analytical and more complex computational models were used to develop and predict the
performance of several compensation chamber designs.
2.3.1 1-D Thermal Resistance Network
The first of these models is a simple one-dimensional resistor network model shown in Figure
2-3. This model only accounts for heat conducted through the evaporator sinter and ignores the
convective heat transferred as liquid travels from the compensation chamber to the vapor
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Figure 2-3: A 1-D thermal resistance network was used as afirst order model of the evaporator.
The compensation chamber temperature is set by the relative thermal resistances of conduction
from the vapor channels at the evaporator base and convection from the impeller above the
evaporator. Vapor is in pink, vapor flow in red, and liquid in blue
channels. This simplification is based on the relative magnitude of the convective and conduction
terms of the energy equation,
d2T rhicy dT 0  2.11
dx 2  kAc dx
In dimensionless form, the convective term scales as , where L is a characteristic length
representing the distance between the compensation chamber and the vapor channels. For a heat
load of 1000 W, the size of this term is 0.3 (calculated using the values shown in Table 2-2),
indicating that convective terms are negligible for a first order analysis. For lower heat loads, the
mass flow rate of liquid is lower, and the relative size of the convective term is even smaller.
Table 2-2: Values ofparameters in energy equation within evaporator.
Quantity Value
nii 4.3*104kg/s
c, 4200 J/kg*K
L 0.01 m
k 6.2- -
mK,
Ac 0.01 m2
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The model consists of two resistors in series. The three nodes in this model correspond to
the temperatures of the evaporator vapor channels (Tvapor), the two-phase compensation
chamber (Tcc), and the ambient air that flows above the evaporator (Tambient). The resistor
between the vapor channels and the compensation chamber represents the conduction resistance
between these two nodes; this resistance for a unit area is dominated by the low thermal
conductivity of the insulating layer of Monel sinter.
Rcona = tsinter 2.12
ksinter
The thermal conductivity of the 44pm Monel sinter used in the evaporator, ksinter, was
determined experimentally to be 2.3+0.2 W/mK [8]. Similarly, the resistor between the
compensation chamber and the ambient air represents the heat transfer resistance due to
convection driven by the impeller directly above the evaporator. This resistance for a unit area is:
1
RC~nv -2.13
himpeiier
The convection coefficient, himpeier, is a function of the impeller rotational speed and the
particular impeller design; these devices were characterized in the work of Staats [1]. Typical
values of himpeiler range from 60 to 150 W/m2K, depending on impeller design, rotational
speed, and flow geometry.
As the two resistive elements described above are in series, the total resistance between
the vapor channels and the ambient air is
Rtot= Rcond + Rconv 2.14
This thermal circuit is a voltage divider. The temperature of the compensation chamber (Tcc),
can then be related to the ambient and vapor temperatures (Tambient, Tvapor) at the operating
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point of PHUMP. Solving for the temperature of the compensation chamber in the resistor
network in terms of Tambient and Tvapor:
Tcc = Tvapor + R con (Tambient - Tvapor) 2.15
Rcond + Rconv
This model provides a simple means of estimating the effects of various parameters on the
compensation chamber temperature. For example, as the thickness of the Monel sinter layer,
tsinter, is decreased, the compensation chamber temperature will increase and approach the
vapor temperature in the vapor channels.
Although this model is useful for assessing the qualitative impacts of design changes, its
lack of accuracy limits its applicability. In particular, this model neglects 2- or 3-dimensional
thermal effects. Additionally, it fails to capture the thermal phenomena that occur within the
compensation chamber, which contains liquid and vapor phases in equilibrium. These two phases
interact at their interface, leading to a condensation-evaporation cycle within the vapor phase that
tends to mitigate temperature differences within the compensation chamber. To account for these
phenomena, computational simulations were performed using COMSOL Multiphysics v3.5a.
2.3.2 Computational Simulation
COMSOL Multiphysics is a Finite Element based software package that allows for the
simulation and analysis of a wide variety of systems. It features a number of physics models that
allow for the simulation of a range of phenomena and the construction of complex physical
models and geometries. COMSOL's specialization in thermal fluids applications and
multiphysics problems makes it particularly well suited for use in PHUMP.
Using the program's CAD package, a model of PHUMP's evaporator was developed.
The appropriate physics modules were then selected and implemented, and relevant boundary
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conditions were applied. The model was meshed, and results were produced by solving the
system. Finally, the results were post processed to determine the liquid pressure within the
compensation chamber. All simulations were performed under steady-state conditions.
Two physics models were implemented to the evaporator model, one for fluid flow and
the other for heat transfer. To model the fluid flow through the porous wicks that compose the
evaporator, COMSOL's Darcy's Law module was selected. A heat transfer module, Convection
& Conduction, was selected to model the thermal transport within the device. These two modules
are connected by the multiphysics coupling within the software package; the velocity field that is
solved for by the Darcy's Law module is used to calculate the convective effects by the
Convection and Conduction module.
The boundary conditions applied to the COMSOL model of the PHUMP evaporator
closely mimicked device operating points. Four boundary conditions fully define the operating
state of the evaporator: heat load at the base, vapor temperature, impeller fan speed, and the
temperature of liquid returning to the evaporator from the condensers. Values of the vapor
temperature, impeller fan speed (and associated air side heat transfer coefficient), and the heat
load at the base were based on predictive models developed by Staats [1] that used a combination
of analytical models and experimental data. Once fan speed and heat load were specified at a
number of operating points (ranging from 4000 to 6000 RPM and 400 to 1400 W, respectively),
the model determined the values of the remaining boundary conditions. The temperature of
liquid returning to the evaporator from the condensers, Tliquid, was predicted using a model
developed in this work. The ambient air temperature, Tambient, was kept constant at 22.50 C for
all simulations. Values of these parameters for a heat input of 1125 W and a fan speed of 6000
RPM are shown in Table 2-3 below. While the specific values of these boundary conditions
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Table 2-3: Values of boundary conditions applied to COMSOL model of evaporator for a typical
operating point.
Quantity Value
Heat inputQ 1125 W
Fan Speed 6000 RPM
himpeuier 146 W
M2 K
Tvapor 72.50 C
Tambient 22.50 C
Tliquid 50*C
changed as different operating points were simulated, the methodology used was the same and is
similar to that of McCarthy [15], with some important differences to improve accuracy.
The boundary conditions applied to the model of the evaporator are shown in Figure 2-4.
The vapor temperature is applied as a constant temperature boundary condition along the walls
of the vapor channels (Tvapor). The heat load is set indirectly by first specifying a constant
temperature of the evaporator base (Tbase) and then checking the heat load input to the base. This
process is iterated until the heat load matches the desired value. The temperature of liquid
returning from the condensers (Tsubcooted) is set by applying a constant temperature boundary
Thermal Boundary
T bld Air Flow Condition
Fluidic Boundary
airr Condition
Natural
convection, hid
No flow boundary
condition
Tb T Liquidbase vapor
velocity, Uliquid
Figure 2-4: Boundary conditions used on the evaporator during COMSOL modeling. Liquid and
vapor are in light blue and pink, respectively.
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condition to the liquid return lines. The impeller fan speed determines the heat transfer
coefficient on the evaporator surface and the associated air mass flow rate. This boundary
condition was implemented by applying a constant heat transfer coefficient on the evaporator
surface with a variable temperature difference (h, Tair (r)). The liquid return and impeller
boundary conditions are discussed in more detail below.
Additional boundary conditions were applied as necessary. A constant temperature
condition of the vapor temperature (Tvapor) was applied to the fluidic connections that carry
vapor from the evaporator to the condenser. The sides of the evaporator were modeled with
convection to the surrounding ambient air. The convection coefficient (hsides) was assigned a
value of 10 W/m 2K, a typical value representing natural convection over a vertical surface. No-
flow fluidic conditions were applied to the walls and base of the device. The evaporation of
liquid into the vapor channels of the evaporator was modeled by setting a boundary condition on
the liquid velocity along the walls of the vapor channels. From an energy balance:
q
Uliquid = 2.16hfgpl
Where Uliquid is the liquid velocity, q is the local heat flux, hfg is the latent heat of evaporation
of the liquid, and p, is the liquid density. Finally, thermal and fluidic continuity conditions were
applied to all internal boundaries.
The heat transfer coefficient specified over the evaporator surface (directly above the
compensation chamber) is a significant factor in the compensation chamber temperature. In
earlier models, the heat transfer coefficient himpeiier was constant, as was the temperature of the
air flowing over this surface. The assumed constant air temperature was approximated as the
average of the actual inlet and outlet air temperatures, leading to an equivalent total heat transfer
in the actual case. However, this approximation yields a significantly different temperature
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distribution within the compensation chamber and evaporator that does not accurately model the
physics of the prototype.
To rectify these discrepancies, a new model was implemented that featured a constant
heat transfer coefficient but a radial temperature distribution in the air flowing over the
evaporator surface. The air flow and temperature conditions of this model are shown in Figure
2-5 below; the model mimics fluid flow in a constant wall temperature channel. The radial
temperature distribution of air in the flow is determined by integrating an energy balance
performed on a differential element from r=O to the outlet, and follows the derivation presented
in Incropera [18]. This model assumes that the surfaces of both the condenser above the
evaporator and the evaporator itself are uniform in temperature. Air enters at Tambient and is
driven radially outwards over the evaporator surface at mass flow rate nia with constant
Air Flow Condenser
is ------ -- - -y-
Berin
EvaporatorMMU rTvpo
Figure 2-5: Air flow (green) between the evaporator and condenser; the evaporator surface
temperature is assumed uniform at T5 , the condenser at Tpapor. This air has a radial
temperature distribution.
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convection coefficient h and specific heat capacity cI,. The temperature distribution is then:
Tambient For r < rb
- rh ( r2
T(r)= Ts - (Ts - Tambient)e (r2rb) For rb r < reye 2.17
2 [Ts + Tvapor - (Ts + Tvapor - 2T(reye)) e_ _2acpe ] For r reye
The temperature distribution is divided into three distinct regions as it flows radially outward
over the evaporator surface. While above the bearing in the evaporator, no heat is transferred into
the air and the temperature remains constant at Tambient. Once past the bearing (rb < r < reye),
the air is heated by the evaporator surface (at temperature Ts) directly below it. The air then
travels past the eye of the condenser (r reye), and is heated by both the evaporator surface and
the condenser above it. The condenser is assumed to be isothermal at Tvapor, the vapor
temperature. The value of Ts was determined iteratively; it was initially guessed as several
degrees lower than the vapor temperature and checked with simulation results. This procedure
was continued until the two values converged. The value of Ts was not seen to significantly
affect the temperature distribution in the compensation chamber.
The resulting model produced a radial temperature distribution within the compensation
chamber as opposed to the near uniform temperature distribution produced by the constant air
temperature model. These improved results match the expected temperature distribution much
more closely and were used in all simulations in this work.
The temperature of the liquid returning to the evaporator from the condensers also plays a
significant role in the temperature of the compensation chamber. After condensing in the vapor
space of the condenser, the liquid undergoes sensible cooling in the subcooling region of the
condenser. The exiting liquid is subcooled below its saturation temperature by several degrees; at
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certain operating points, the subcooling below saturation can exceed 20'C. The amount of
subcooling that occurs depends on the fan speed and the vapor and ambient temperatures at a
particular operating point. The internal condenser geometry is shown in Figure 2-6 below.
Saturated liquid enters the subcooling region and is cooled as it travels along this length, Ls/c.
Due to the noticeable effect this boundary condition has on the temperature of the
compensation chamber, it is important to accurately predict the temperature of liquid entering the
evaporator. The subcooling region, where sensible cooling occurs in the condensers, can be
modeled by considering the energy transferred into and out of a differential element of a cross
section of the subcooling region, as shown in Figure 2-7.
10 cm
A
t
A'
\Sinter
Vapor in from
Evaporator
Subcooling /
Plates
Liquid out to
Evaporator
Figure 2-6: Schematic of condenser interior. The subcooling region ('Subcooling Plates')
provides a region where sensible cooling of the liquid can occur. Figure adapted from Hanks [5]
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heP (T(x) - Tambient)dx
rhicpT(x) hi cT(x + dx)
2 2
+ dx - -
Figure 2-7: Energy transfer in a differential element (width dx, height t) cross section of the
subcooling region. Heat transferred due to convection or conduction are shown with red arrows,
while the blue arrows represent energy transfers in and out due to liquid flow.
P
Energy is transferred into this element by conduction (q (x) t Z) and the flow of liquid in
(n'IfcT(x)), while it is transferred out by these same two effects and convection from the air
flowing over the condenser(hcP(T(x) - Tambient)dx) (P is the perimeter of the sub cooling
region). The energy balance can be simplified to:
d2T dT 2.18kA x2 -' cp a - heP(T(x) - Tambient) = 0
Where we have used Fourier's law of conduction to simplify the q(x) terms and then divided by
the differential element size dx. By considering the entire width of the fin, the thickness t
becomes the cross sectional area of the subcooling region, Ac.
Equation 2.18 can be simplified by considering the relative magnitudes of the second and
third terms. Using non-dimensionalization and dividing by the coefficients of the leading terms,
it can be shown that the second and third terms scale as and , respectively, where L iskAc kAc
the length of the sub cooling region. For a fan speed of 6000 RPM and an evaporator heat input
of 1000W, the terms can be calculated using the values presented in Table 2-4.
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Table 2-4: Values ofparameters in energy balance on subcooling region.
Quantity Value
n'j 2.1*10-5 kg/s
c, 4200 J/kg*K
L 9 mm
hc 160 w
m
2 K
P 245 mm
k 14-w
Ac 3*10 m2
rhcpL hPL2At this operating point, the term has a value of 0.189, while the kA term has a value ofkAC A
0.756. The magnitude of the second term, representing energy transfer due to liquid flow, is a
quarter of that of the third and will be less at lower heat loads and liquid mass flow rates. As an
approximation, the second term is ignored in equation 2.18. The resulting equation features only
two terms,
d2T hePd- kcP(T(x) Tambient) = 0 2.19dX2 kAC
This is the classic thermal fin equation, with the tip temperature (x=L) representing the liquid
temperature at the outlet of the condenser or the inlet to the evaporator. Initial attempts using this
model did not produce results that closely matched experimental data. These models either
significantly over or under estimated the liquid temperature, depending on the boundary
condition applied at the tip. The predictions of two of these models are compared to experimental
data in Figure 2-8 below.
An alternative thermal fin model was developed to improve the accuracy of these
predictions. Previously, the entire subcooling region had been modeled as a fin with a constant
length LS/C as indicated in Figure 2-6. However, this length varies considerably throughout the
subcooling region; this initial estimate is actually a lower bound on this length. Instead, the
subcooling region was considered as a rectangular fin of equivalent width and an effective length
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Figure 2-8: Predictions of two 'thermalfin' subcooling models (dotted and dashed lines)
compared to experimental data (triangles) for three fan speeds (colors). Note the poor
agreement between data and model.
Leff that gives the same total area as the subcooling region. A comparison of these two subcooling
geometries is shown in Figure 2-9 below. When this effective length is used in the fin equation
with an adiabatic tip, the resulting liquid temperatures match well with experimental results, as
can be seen in Figure 2-10. For the condensers used in PHUMP, Ls/c is 9 mm (with some
variation due to manufacturing processes used), while Leff is 12.25 mm.
Following their development, the boundary conditions on vapor temperature, heat load,
liquid return temperature, and air side heat transfer coefficient (and air temperature distribution)
were applied to the COMSOL model of the evaporator. Relevant material properties were then
applied to the evaporator model and the domain was meshed. These properties included the
thermal conductivities and porosities of the copper and Monel wicks within the evaporator
determined experimentally in [7] and summarized in Table 2-5. Fluid properties were applied
using values from [16]. A tetrahedral mesh was used that featured an element size set globally as
53
25C
Leff
(a)
L
W ------ l1
(b)
Leff
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Figure 2-9: The geometry of the subcooling region used in the condensers, shown in (a), features
a length L that varies considerably along its width. This was instead modeled in (b) as afin of
constant length Leff and equivalent width W has the same overall area.
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Figure 2-10: Predictions of the 'effective length' thermalfin subcooling model (dashed lines)
compared to experimental data (triangles) for three fan speeds (colors). Note the improved
agreement between data and model when compared to that of Figure 2-8.
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'Normal' within the software package. This mesh featured approximately 122,000 tetrahedral
elements with an average side length of 2.2 mm. The chosen mesh size allowed for an acceptable
trade-off between simulation time and accuracy. Although a finer mesh size was used when
simulating operational points of interest, a mesh independence study indicated that the little
simulation accuracy was lost by selecting a coarser mesh. Additionally, the convergence rate of
many relevant physical parameters, such as the compensation chamber temperature, was fast
with respect to element size. As such, many simulations performed during the initial design
phase used an even coarser mesh for expediency.
COMSOL's Generalized Minimum Residual (GMRES) solver was used in this
application. An iterative linear solver, GMRES features a fast convergence rate and is also
robust. Similar linear solvers were also tried, such as UFMPack and SPOOLES. However, these
solvers did not yield any performance increase while requiring additional computational time and
reduced stability; they are not well suited to solve problems with large degrees of freedom. When
a model has more than 50,000 degrees of freedom, GMRES is preferred; PHUMP's evaporator
model features more than 300,000 degrees of freedom. A Geometric Multigrid preconditioner
was used with the GMRES solver, with 2 iterations of a V multigrid cycle (all default values).
Additional discussion of the GMRES solver and various preconditioners can be found in Ystr6m
[19].
Table 2-5: Material properties applied to sinter and Monel in COMSOL simulations.
Material Thermal Porosity
Conductivity [$] [m
Coarse Copper Sinter 28 1
Monel Sinter 2.3 10-12
Fine Copper Sinter 65 101
Solid Monel 31 -
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At certain operating points, the COMSOL model and its solver became unstable. The
resulting solution featured certain regions of spontaneous heat generation, areas of elevated
temperature and no heat source. This occurred exclusively in the liquid channels of the
compensation chamber. To mitigate this, a numerical stabilization technique, artificial diffusion,
was used in this subdomain. In particular, COMSOL's streamline anisotropic diffusion
parameter was used, with a tuning parameter value of 0.5. This method adds artificial diffusion
or viscosity only in the direction of flow (streamline and anisotropic) to stabilize the solution.
This method stabilized the solver without noticeably affecting the solution results and was used
on all simulations.
The results of these COMSOL simulations were post processed to evaluate the
performance of different compensation chamber designs. The vapor bubble that sets the liquid
pressure in PHUMP will always form at the hottest point within the compensation chamber
channels; the liquid pressure is the saturation pressure associated with the bubble temperature.
This bubble is typically 1-3 mL, as it must take up any excess space on the liquid side of the
device. The bubble temperature was determined by inspecting X-Y temperature profiles within
the compensation chamber, such as that shown in Figure 2-11. The temperature of the hottest
point in the open space of the compensation chamber that a bubble could grow to was identified
and recorded. The compensation chamber is 2 mm in height (the z plane), this process was
performed at three positions: just above the base (the bottom), the middle, and just below the top.
These three temperatures were then averaged to give the temperature at which a bubble will form
in the compensation chamber. The saturation pressure associated with this bubble temperature is
the liquid pressure in PHUMP. The error introduced through this technique was estimated to be
less than 0.25 'C.
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Figure 2-11: Temperature profile in the mid plane of the compensation chamber from a
completed COMSOL simulation. The heat load into the evaporator was 1125 Wand the fan
speed was 6000 RPM Note the effect of subcooled liquid near the liquid lines on the temperature
profile in the device.
2.4 Simulation Results and Design Optimization
Using methods described above, evaporator designs that featured different impellers and
insulating layers were simulated. The results of these simulations were then processed to
determine the liquid pressures in the compensation chamber and condensers of the device. As the
pressure on the vapor side of the device is known, the pressure difference at the liquid-vapor
interface in the condenser was calculated. For each design, this pressure difference varies as a
function of both impeller speed and heat load.
The performance of the compensation chamber depends on its ability to maintain the
stability of the liquid-vapor menisci in the condenser. The stability of this interface is dependent
on the compensation chamber temperature. Simulation results revealed that although variations
in the airside heat transfer coefficient (the impeller design) have an effect on the compensation
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chamber temperature, the influence of the insulating layer is much stronger. In this sense,
impeller design allows for fine control of the compensation chamber temperature, while
insulating layer thickness and impeller speed alter the design characteristics more significantly.
Figure 2-12 below shows the effect of insulating layer composition on the pressure difference at
the liquid-vapor interface across a range of heat loads for a constant fan speed (6000 RPM) and
impeller design. Clear performance tradeoffs exist amongst the different designs; those with
thinner insulating layers (blue line) reduce the risk of vapor burst through at high heat loads,
while those with greater thermal resistance (green line) perform optimally at low heat loads by
preventing flooding. The original evaporator and impeller design (purple line) offers the worst
performance, with a high risk of flooding at low heat loads and vapor burst through at higher
heat loads.
The Mk III PHUMP prototype was designed to dissipate high heat loads (>800 W). The
compensation chamber design chosen for this prototype was one optimized for performance in
this range, with acceptable performance at lower heat loads. The resulting design featured an
insulating layer composed of 1.8 mm of copper and 2.2 mm of Monel and an impeller that
reduced the air side heat transfer when compared to those used in the rest of the device; a cross
section of its evaporator compared to the original design is shown in Figure 2-13. The
performance of this design is shown across a range of heat loads and fan speeds in Figure 2-14,
while the modified impeller design used is shown in Figure 2-15.
2.5 Component Manufacturing
Manufacturing considerations played a significant role in the design of the compensation
chamber used in the Mk III PHUMP prototype. As the compensation chamber is integrated into
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Figure 2-12: Pressure difference at the liquid-vapor interface in the condensers (P2-P3 in Figure
2-1) as a function of operating point for a variety of compensation chamber designs. The
flooding and vapor burst through limits (from [5]) are indicated by dashed red lines.
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Figure 2-13: The final evaporator and compensation chamber design (Mk III at right) compared
to the original Mk I design at left (enlargedfor detail). Note the thinner layer of Monel sinter;
1.8 mm has been replaced with coarse copper sinter. Vapor and liquid lines and flows have been
omitted here.
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Figure 2-14: Predicted pressure difference across liquid-vapor meniscus in condensers (P2-P3) at
various heat loads and fan speeds for the 2.2 mm Monel, 1.8mm Cu insulating layer design. The
dashed lines indicate the limits for both condenser flooding and vapor penetration.
Impeller 1
OT
Figure 2-15: The two impellers used in the final PHUMP prototype. Impeller 1 is used directly
above the evaporator and compensation chamber and offers approximately 60% of the
performance of impeller 13 (used elsewhere in the device). This specific convective performance
helps to precisely set the compensation chamber temperature. Figure adapted from Staats [1].
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the evaporator, its fabrication took place as part of the evaporator manufacturing process.
Although the design of the Mk III compensation chamber and evaporator was slightly different
than that used in previous prototypes, the fabrication process was the same. This process is
covered in extensive detail in the work of Kariya [6] and is summarized here in Figure 2-16.
In steps 1 of this process, the compensation chamber is created by sintering coarse copper
powder in a graphite mold to create the channel features of this component. During this initial
step the vapor channels of the evaporator are created in a similar process. These components and
the graphite molds to fabricate them can be seen in parts A through D, respectively, of Figure
2-17. The compensation chamber is then placed in the evaporator case (part E of Figure 2-17)
and sintered into place. The insulating layer is sintered in the same step, as Monel powder is
layered on top of the pre-sintered CC channel structure. A cross section of a completed
evaporator used in an earlier prototype is shown in Figure 2-18
The thickness of the insulating layer is critical to the performance of the compensation
chamber. As was previously noted, in this design this layer is not a continuous 4 mm thick layer
of Monel sinter; instead, the thickness of Monel is reduced to 2.2 mm in this layer. To
manufacture this design, Step 2 of the process depicted in Figure 2-16 is slightly different: the
compensation chamber ('liquid channel structure') is made 1.8 mm thicker, while the thickness
of the layer of Monel sinter is now only 2.2 mm, as noted above. Due to manufacturing
tolerances, the thicknesses of these layers could be held to a precision of +/-0.1mm; this was
expected and accounted for during the design process.
The compensation chamber plays a mechanical role in the operation of any LHP,
providing a space where the working fluid can expand and contract as operating conditions
change. As was described in section 2.1.2, this requires the compensation chamber to meet a
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required minimum volume dictated by the working fluid and the range of operating conditions.
Previous PHUMP prototypes featured six condensers or fewer. As the Mk III prototype was
designed to dissipate higher heat loads it used ten condensers, an increase in the volume of the
compensation chamber was required to accommodate the additional liquid volume of the Mk III
prototype.
The channels of the compensation chamber (which accommodate the working fluid) are
formed using a graphite mold as described above. Due to time restrictions and challenges in
machining graphite, it was not possible to manufacture a mold featuring larger channels. Instead,
the current mold was modified to increase its volume appropriately; the channels of the mold
were widened using precision shims fastened to the preexisting graphite channels. These
modifications are shown in Figure 2-19 below.
The locations of the widened channels were selected to not disturb the liquid pressure or
temperature distribution within the compensation chamber. Using COMSOL, a number of
candidate locations were studied and the effects on the liquid pressure were measured. The shims
were placed on the interior side of the channels nearest the evaporator vapor lines (shown in red
in Figure 2-19). This arrangement produced a minimal disturbance to the liquid pressure.
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Figure 2-16: Fabrication process of the evaporator. Ofparticular interests are steps 1 and 2, the
sintering of the compensation chamber and insulating layer. Figure adapted from Kariya [6].
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Figure 2-17: Components of the evaporator fabrication. The completed compensation chamber
wick and the graphite mold used in its sintering process are shown in A and B respectively. Parts
C and D show the equivalent parts used in the vapor channels. The monel case (or frame) and
the copper base plate of the evaporator are depicted in parts E and F. Figure adapted from
Kariya [6].
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Figure 2-18: Cross section of an evaporator used in an earlier prototype. Note the thickness of
the insulating wick and its homogenous Monel composition. Figure adapted from Kariya [6].
Figure 2-19: Compensation chamber wick (in brown) with existing liquid channels shown in
blue. To increase the volume of these channels, eight 2.5 mm (0.1 in) wide spacers are placed in
the graphite mold at locations shown in red.
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2.6 Chapter Summary
This chapter has detailed the design of the compensation chamber used in the final PHUMP
prototype. First, the thermal and mechanical requirements were outlined, and the compensation
chamber form factor was introduced. The design methodology and techniques were then
presented, including both analytical (1-D thermal circuit) and computational (COMSOL
Multiphysics) methods. The design used in this prototype was then presented along with
predictions of its performance. Finally, the fabrication process used to create this component was
presented.
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Chapter 3: Experimental Results
This chapter provides a discussion of the experimental performance of the compensation
chamber in the final PHUMP prototype, the ten condenser Mk III. First, an overview of the
performance and behavior of the Mk I and Mk II prototypes is presented and the testing
procedures used are introduced. The performance of the Mk III evaporator and compensation
chamber is then evaluated and compared to design goals. The integration of this component into
the ten condenser assembly and the associated challenges are outlined. Finally, performance data
for the Mk III PHUMP is provided and relevant conclusions are drawn.
3.1 Testing Procedures and the Mk I and Mk II Prototypes
Prior to any discussion about the performance and testing of the Mk III PHUMP, it is helpful
review the performance of the first two prototypes. The Mk I and Mk II prototypes made use of
both a compensation chamber within the evaporator and a separate liquid reservoir, allowing for
operation as both an LHP and a CPL.
The Mk I prototype featured an evaporator, liquid reservoir, and single condenser, and
was designed to characterize the operation of an LHP and CPL with a phase separator (i.e. a
sintered wick) in the condenser. Extensive discussion of the operation of this device is provided
in Chapter 5 of Kariya [6], with the relevant characteristics reviewed here.
Nominally, the Mk I prototype functioned as an LHP, with the vapor bubble (a two phase
region) on the liquid side of the device located within the compensation chamber at the top of the
evaporator. In this operation mode, the liquid pressure was less than the vapor pressure, and all
meniscuses were receding. The condenser wick functioned properly, separating the liquid and
vapor phases within the device and preventing flooding or vapor burst through within the
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Figure 3-1: Schematic of the heat pipe cycle in both A) LHP and B) CPL operation modes. Pink
and light blue regions indicate liquid and vapor, respectively, while wicks are shown with the
hatched sections and electric heaters on the reservoir are orange. Note the change in location of
the two-phase region between the two operational modes. Figure adapted from Kariya [6].
condensers. A liquid reservoir was also included, allowing for operation as a CPL; in this mode,
the vapor bubble is located in the liquid reservoir. LHP and CPL operation modes and saturation
locations are shown in Figure 3-1 below. Electric heaters were installed on the liquid reservoir to
allow for independent control of the liquid temperature and pressure; a thermocouple allowed
this temperature to be measured.
Operation of the device as a CPL is achieved by slowly increasing the power to the
electric heaters. Initially, the temperature of the liquid reservoir increases but no change in the
liquid pressure is observed as the compensation chamber still controls the liquid pressure. Once
the reservoir temperature reaches the saturation pressure of the liquid, the vapor bubble moves
from the compensation chamber to the liquid reservoir and the device operates as a CPL. In this
mode, increases in the reservoir temperature result in a corresponding increase in the liquid
pressure, with the two parameters following the saturation curve of the working fluid. Increases
in the liquid reservoir temperature (and thus pressure) reduce the pressure difference at the
liquid-vapor interface in the condensers, decreasing the risk of vapor burst through. When the
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reservoir temperature is increased to equal the vapor temperature, the liquid and vapor pressures
are equal and the menisci in the condenser begin to advance. When the liquid temperature is
increased further, the liquid pressure exceeds the vapor pressure and condenser flooding occurs.
This is observed in the form of increased thermal resistance of the device due to reduced area for
condensation in the condenser and equalization of the liquid and vapor pressures. During
flooding, the liquid and vapor phases are in equilibrium, and the liquid temperature can be used
to control the vapor pressure. Increases in the liquid pressure result in further flooding of the
condenser, leading to additional decreases in thermal resistance; as the thermal resistance can
now be controlled by the reservoir temperature, the device is said to operate in variable
conductance mode.
The Mk II prototype utilized an evaporator and liquid reservoir similar to that in the Mk
I, with design improvements to increase performance. The Mk II prototype featured six
condensers to allow for increased heat loads and decreased thermal resistance as outlined in
Chapter 1. Despite these changes, the qualitative behavior of the device was the same as that of
the Mk I prototype. Detailed discussion of its performance is provided in Chapter 6 of Kariya
[6].
Prior to assembly, the evaporators of all prototypes were tested in a custom heat pipe
cycle to verify their performance. This testing was performed using an experimental setup
described in detail in Kariya [6] with salient details provided here; a schematic of this device is
provided in Figure 3-2 below, with additional images shown in Figure 3-3 (Kariya [6]). The
evaporator is heated using cartridge heaters placed in an insulated base, allowing for precise
control of the heat input and minimizing heat loss to the surroundings. Vapor leaves the
evaporator from the two ports and collects into a single pipe, and enters a shell and tube
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condenser that is cooled by a metered flow of tap water. The condensate then flows to another
shell and tube heat exchanger (the subcooler) where it is subcooled before returning to the
evaporator through the liquid ports, restarting the cycle. A throttle valve is installed downstream
of the subcooler to apply a pressure drop to the cycle and stress the capillary meniscus in the
evaporator. Additionally, a fan impeller is installed above the top surface of the evaporator to
provide convective cooling; a plate was mounted above the impeller, replicating the air-flow
geometry produced by the condenser above the evaporator. Transducers and thermocouples were
placed to allow pressure and temperature to be measured at various locations throughout the
setup.
This setup allows the measurement of the performance and operating characteristics of
the evaporator in a completed PHUMP prototype, with some important differences. First, the
performance of the shell and tube heat exchangers far exceeds that of the condensers they
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Figure 3-2: Schematic of the heat pipe cycle for evaporator testing. Note the presence of the
additional subcooler, a heat exchanger used to provide additional sensible cooling to the liquid
prior to returning to the evaporator. Figure sourced from Kariya [6].
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replicate due to the benefits of liquid cooling over air cooling. This results in a lower overall
thermal resistance when compared to PHUMP and leads to reduced vapor temperatures for
equivalent heat loads. This performance increase is also important to the operation of the
subcooler. This component was used to cool the liquid returning to the evaporator to ambient
temperatures (22-24 *C) to eliminate temperature measurement error due to heat transfer to the
environment. The liquid returning to the evaporator in this setup is thus far cooler than that in
actual PHUMP prototypes, and has the effect of lowering the liquid temperature and thus
pressure in the compensation chamber. For all tests, the impeller above the evaporator was
operated at 6000 RPM, the peak rotational speed used in any PHUMP prototype. Although
differences exist between these experimental tests of the evaporators and that of completed
assemblies, experimental conditions during these tests were the same for all evaporators in this
setup. As such, these tests provided an excellent basis of comparison of the evaporator designs
used in the different prototypes, and are discussed in section 3.2 below.
3.2 Testing of the Mk II1a Prototype and Performance Comparison
The Mk III PHUMP incorporated lessons learned throughout the course of the project and was
designed to meet the performance goals set forth by DARPA. This prototype featured ten
condensers, an evaporator with an integrated compensation chamber (but no liquid reservoir),
and impellers that offered significant performance enhancement compared to prior designs.
The evaporator in the Mk III prototype used the same form factor and general geometry
as the evaporator in Mk I and II. However, a number of design changes were made to optimize
the performance of the device and to allow for stable LHP operation across a wide range of heat
loads. In particular, the thermal resistance of the insulating layer was reduced by adding coarse
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Figure 3-3: The heat pipe setup used for evaporator testing prior to device assembly. Image A)
shows a labeled top down-view of the components without the entire condenser, and B) shows
the entire cycle. Figure adapted from [6].
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copper sinter to this layer in place of Monel sinter. Additionally, the impeller used directly
above the evaporator was of the design used in previous prototypes (Impeller 1 in Figure 2-15)
and featured reduced performance relative to that used elsewhere in the device (Impeller 13).
Finally, the total liquid volume of the compensation chamber was increased to accommodate the
greater volumetric expansion of liquid expected in this prototype. This particular evaporator
design is henceforth referred to as the Mk 1I1a evaporator; complications in the manufacturing
process led to the replacement of this evaporator in the assembly. This second evaporator is
termed the Mk IIb to allow for differentiation of the two.
The Mk 1I1a evaporator was tested in the experimental setup described above prior to its
installation into the ten condenser assembly. The results of these tests are presented below, along
with the equivalent data for the Mk I evaporator. The Mk II evaporator was identical to the Mk I,
and is thus omitted here.
Both the Mk I and Mk IIIa evaporators were tested in the experimental setup described
above. This data can be used to compare their performance. Of particular interest is the
temperature difference between the compensation chamber and the evaporator's vapor
temperature as other operating conditions varied. This information serves as a proxy for the
pressure difference across the liquid-vapor interface in the condensers that the compensation
chamber attempts to control. Using the relations presented in Section 2.1 of this work, the
temperature in the vapor channels can be related to the vapor pressure in the condensers;
similarly, the liquid temperature in the compensation chamber can be related to the liquid
pressure in the condensers by accounting for the various pressure drops that occur within the
system.
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Direct measurement of the liquid temperature within the compensation chamber is
difficult for a number of reasons. The thermocouples within the liquid lines of the test setup
measure the temperatures at the inlet and outlet of the subcooler and are not representative of the
liquid temperature in the compensation chamber. Due to the evaporator geometry and the
machining process used in the manufacture of the Monel evaporator case, placing a
thermocouple within the compensation chamber is not feasible. Significant spatial temperature
variations exist within the compensation chamber; even if direct measurement were possible, the
resulting data would be inaccurate and unsteady. Instead, the liquid temperature within the
compensation chamber is inferred through the liquid pressure and the saturation curve of the
working fluid: the compensation chamber temperature is taken as the saturation temperature at
the measured liquid pressure (after compensating for the gravitational head between the pressure
gauge and the compensation chamber).
Testing of both evaporators was performed for a variety of heat loads and repeated at
operating points when possible. The impeller speed was fixed at 6000 RPM, the highest speed
expected under normal operating conditions. The ambient temperature varied slightly but not
significantly (22 to 24'C). The liquid exiting the subcooler was kept close to ambient to reduce
measurement error due to heat transfer with the surroundings. The results of this test for the Mk
Ila evaporator are shown in Figure 3-4 below. As the vapor temperature and heat load increase,
so too does the temperature difference between the compensation chamber and the vapor
channels; the two parameters vary linearly. As the primary mode of heat transfer between these
two points is conduction, this behavior is to be expected.
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Figure 3-4: Temperature difference between the compensation chamber and the vapor channels
for the Mk Ia evaporator.
Although steps were taken to minimize variation and experimental error as noted above,
an outlier in the data is nonetheless clearly visible in Figure 3-4 at 1000 W. A second outlier is
present at 800 W; the temperature difference between the compensation chamber and the vapor
channels for this point exceeded that at 1000W. These points were neglected in the successive
analysis.
The relative performance of the Mk I and Mk IIla evaporators is shown in Figure 3-5
below, which compares the difference between the compensation chamber and vapor channel
temperatures as a function of vapor channel temperature. For equivalent vapor temperatures, the
temperature difference between these two points is significantly less in the Mk IIIa evaporator
than the Mk I. This clearly demonstrates the effects of the reduced thermal resistance of the
insulating layer in the Mk Ila prototype due to a reduction in the thickness of Monel (2.2 mm of
Monel and 1.8 mm of coarse copper, as opposed to 4 mm of Monel in the Mk I). These results
also indicate that the pressure difference across the liquid-vapor interface in the condenser will
be reduced for the Mk Ila evaporator, as was the intention of this design.
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Figure 3-5: Temperature difference between the compensation chamber and the vapor channels
for the Mk I and Ia evaporators as a function ofvapor temperature.
Although the temperature of the vapor channels is the primary driver of the temperature
difference between the compensation chamber and the vapor channels, the heat input into the
evaporator also has an effect on this temperature difference. Figure 3-6 shows the difference
between the compensation chamber and vapor channel temperatures as a function of heat input.
Again, the reduced thermal resistance of the Mk IlIa design is clearly visible, especially at higher
heat loads (>600 W). It is in this range where the risk of vapor burst through is the greatest (due
to excessive stress on the liquid-vapor interface); the modifications made to the Mk IIla
evaporator clearly mitigate this risk. It is also clear from this figure that at lower heat loads the
performance of the two designs begins to converge. In this range, flooding of the condensers can
occur if there is insufficient pressure (and thus temperature) difference between the liquid and
vapor phases. The Mk I evaporator had sufficient thermal resistance separating the compensation
chamber and the vapor channels to prevent flooding of the condensers; as the Mk Ila matches
the temperature difference in this range, it is reasonable to expect that it too would prevent
flooding at low heat loads.
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Figure 3-6: Temperature difference between the compensation chamber and the vapor channels
for the Mk I and Ia evaporator as a function of heat load.
The results from these initial tests clearly indicate that the Mk 1I1a evaporator had met its
design goals: reducing the risk of vapor burst through at high heat loads while avoiding flooding
at low heat loads. Its performance verified, the Mk Ia evaporator was then integrated into the
ten condenser assembly.
3.3 Integration of Mk I1a Evaporator into Heat Pipe Assembly
A unique assembly procedure was used to integrate the numerous components of the final
PHUMP prototype. As the device operates at sub-atmospheric pressures, all joints must be
hermetically sealed. A combination of welding and soldering was used in the condensers and
evaporator to accomplish this. Soldering introduces contaminants that reduce the capillary
pumping abilities of the condenser and evaporator wicks, so these components were
mechanically sealed prior to the assembly process. After the completed device had been cleaned
to remove residual contaminants, these components were opened up to their final state by
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machining. The completed device was then installed on the filling station (as described in Kariya
[6]) and the performance of the Mk III prototype was evaluated.
The results of these tests were disappointing and it was clear that the device was not
functioning properly. Although the device was capable of dissipating low heat loads, it did so in
a pseudo-steady-state manner with significant oscillations observed in both temperature and
pressure measurements. However, when larger heat loads were applied (>400 W), the liquid and
vapor temperatures began to rise consistently, while the liquid and vapor pressures were nearly
equal. It became clear that the wicks in both the condensers and evaporator were not generating
sufficient capillary pressure to drive fluid through the loop. Condenser flooding was suspected,
as the two phases were clearly not separated. This greatly increased the thermal resistance of the
device and prevented a pressure differential from developing between the two phases.
Initially, this pumping failure was suspected to originate in the evaporator, with
contamination of the wick or mechanical damage incurred during the machining process
identified as possible causes. Later tests revealed that the capillary pressure of the condensers
had not deteriorated, ruling out the possibility of chemical contamination; such a failure would
damage the capillary performance of all components. Instead, it was hypothesized that the forces
and vibrations experienced during the machining process had damaged the evaporator wick, with
a crack developing that prevented separation of the liquid and vapor phases.
To solve this problem and test the performance of the rest of the (presumably) working
assembly, the Mk Ila evaporator was removed and replaced with a functioning component. A
spare Monel evaporator frame and other extra parts were used to build a new evaporator, the Mk
IlIb. This evaporator featured the exact same design as the Mk I and II components, and thus
lacked the modified insulating layer that differentiated the Mk Ila. Upon completion of
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manufacturing, the pumping ability of this component was verified and it was integrated into the
condenser-impeller assembly for performance testing.
3.4 Mk II1b Testing and Performance
The Mk IlIb PHUMP produced a significant advance in performance when compared to the Mk
II prototype, allowing for greater heat dissipation and reduced thermal resistance. However,
operation of the device was again only at pseudo-steady-states, and the performance was not
consistent or repeatable. It was later determined that these operational instabilities were not
related to the evaporator as had been originally suspected, but damage to the condenser sinter
incurred during the manufacturing and assembly process. The failure of the Mk I1a prototype
was not the result of a flaw in the compensation chamber or evaporator design, but rather the
condensers used in the assembly.
Due to the unreliable operation of the Mk IlIb, obtaining performance data for the Mk
IIb prototype was difficult due to its unstable operation. The data presented in Figure 3-7 below
represents the best performance from a series of tests, with a peak heat load of 900 W and a
minimum thermal resistance of 0.063 'C/W. These figures are significant performance
improvement compared to the Mk II prototype, although they fall somewhat short of the metrics
originally set forth by DARPA (1000 W and 0.05'C/W, respectively) and could not be achieved
repeatedly.
The suspected failure mode of this device is illustrated in Figure 3-8 below. During the
manufacturing of machining process, sinter within the subcooling region of the condenser
separated from the condenser wall, forming a void in which recently condensed liquid could
vaporize. This newly formed vapor pocket is in equilibrium with the surrounding liquid and sets
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Figure 3-7: Thermal performance of the Mk IIb prototype for operation at 5000 and 6000 RPM
The slope of these lines represents the thermal resistance at eachfan speed. These are the best
results from a series of tests and could not be achieved repeatedly.
the liquid pressure within the device (much like in the compensation chamber). As this vapor is
recently condensed and has not passed through the subcooling length, its temperature and
pressure are both much higher than what would be found in the compensation chamber. This was
verified experimentally as the liquid pressure approached or equaled the vapor pressure. The
increased liquid pressure causes flooding of the lower condensers, reducing the area available for
condensation and increasing the thermal resistance of the device. The periodic formation and
collapse of this pocket explains the unstable behavior observed in this prototype.
Both the Mk Ia and Mk IIb evaporator featured impeller 1 directly above the
evaporator to reduce the convective heat transfer from the compensation chamber. Elsewhere in
the device, impeller 13 was used to dissipate heat from the condensers. Impeller 13's
significantly higher convective heat transfer coefficient is directly related to its increased
pumping power relative to impeller 1. This disparity in pumping power may have been large
enough to cause reversion of the flow directly above the evaporator, where impeller 1 was used;
this is shown in Figure 3-9 below. This impeller is trying to pump air from the core radially
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Figure 3-8: A defect in one of the condensers forms when sinter is removed from the subcooling
region during the machining process and a void is created. Recently condensed liquid vaporizes
here and serves to set the liquid pressure within the device, flooding condensers, increasing
thermal resistance, and leading to unstable performance.
outward - however, all the impellers directly above it are trying to do the same and are able to
pump much more strongly. This may overwhelm impeller 1 and cause air to flow radially
inwards over the evaporator surface, or at the very least stall and recirculate.
Flow reversion would have had significant effects on the performance of the
compensation chamber and explains the differing behavior of the Mk 1I1a and IIIb prototypes.
Reduced airflow over the evaporator surface increases the thermal resistance between the
compensation chamber and the ambient air, causing the compensation chamber temperature (and
consequently the liquid pressure) to increase. This causes flooding of the condensers as was
observed in both prototypes, and reduces the performance of the device significantly. However,
the Mk IIIb prototype was capable of dissipating significantly higher heat loads than the Mk IIIa.
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Figure 3-9:Flow reversion in the Mk IH prototype; impellers are shown in blue. Nominally, air
enters through the axial inlet at the top and is pumped out radially by the impellers, as shown by
the dashed green lines. However, as the impeller above the evaporator features reduced
pumping power, it may be overwhelmed by the pumping power of the other impellers, causing
air to flow inwards radially over the evaporator (dashed red line).
It is suspected that the reduced thermal resistance of the insulating layer on the Mk I1a prototype
combined with the increased convective thermal resistance due to flow reversal on the air side
resulted in a compensation chamber temperature above that of the vapor pocket that formed in
the damaged condenser. The vapor bubble then still formed in the compensation chamber, but at
much higher temperatures and pressures than was expected. This causes the liquid and vapor
pressures in the device to be nearly equal, even at low heat loads. This leads to extensive
flooding and the potential loss of capillary pumping, as was observed in the Mk IlIa device.
On the Mk Ila and IIb prototypes, the flow reversion could have been avoided by using
the same impeller throughout the device, both above the evaporator and between all the
condensers. This decreases the temperature of the compensation chamber at all operating points,
reducing the risk of flooding at low heat loads but increasing the probability of vapor burst
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through at high heat loads. To prevent this from occurring, the insulating layer must be
redesigned to increase its thermal resistance.
Although the performance of the Mk IIb prototype and its evaporator did not meet the
project goals, the device served to demonstrate the potential performance of the PHUMP design
when multiple condensers are used. The thermal resistance of the device represented a significant
advancement over the Mk I and II prototypes and state of the art air cooled heat exchangers even
in a damaged state of operation. With appropriate changes to the manufacturing process, the full
potential of the PHUMP design can be realized.
3.5 Chapter Summary
This chapter has reviewed the experimental performance of the evaporators used in the PHUMP
prototypes. Although the Mk I1a evaporator designed in this work was not successfully
integrated into the ten-condenser assembly, its performance was verified via testing in an
experimental setup described above. The compensation chamber within this component achieved
its performance goals, validating its design and reducing the risk of operational failure when
compared to the Mk I and II evaporators. The Mk IlIb evaporator was then integrated into the
ten-condenser assembly, and significant performance improvement was achieved. Although
damage incurred during the manufacturing process limited the range of tests that could be
completed as well as their performance, the potential of the PHUMP design was nonetheless
demonstrated.
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Chapter 4: Conclusions
This work has covered the design of a compensation chamber for use in PHUMP, a novel
multiple condenser loop heat pipe. The compensation chamber eliminated the need for a liquid
reservoir with heaters, reducing the electrical requirements of the device and increasing its
coefficient of performance. This component was also manufactured, tested, and integrated into
the Mk III PHUMP prototype. Although integration of this component into the prototype was
unsuccessful due to damage incurred during the manufacturing process, the compensation
chamber met its performance goals during testing.
4.1 Compensation Chamber Design
Due to the unique performance characteristics of PHUMP, the design of the compensation
chamber for use in the Mk III prototype began with an identification of the failure modes of the
device. These failure modes occur when the pressure difference across the liquid-vapor interface
in the condenser falls outside of its normal operating range. This can lead to flooding of the
condensers or vapor burst through, and consequently, evaporator dry out.
Using a set of mechanical and thermal relations, the pressure difference across the liquid
vapor interface in the condenser was related to the temperature difference between the
compensation chamber and the evaporator vapor channels. This temperature difference is limited
by the failure modes described above: if it becomes too large vapor burst through occurs, while if
it is too small flooding can take place. These limitations set constraints on the thermal circuit
within the evaporator.
Due to restrictions in the manufacturing process the evaporator geometry used in the
previous PHUMP prototypes was maintained. The compensation chamber design was then
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adapted to meet the thermal and mechanical requirements. Computational simulations were
performed using COMSOL Multiphysics to optimize this design. The final compensation
chamber featured a reduced thermal resistance between the compensation chamber and vapor
channels and an increased resistance between the compensation chamber and the ambient air
above it. These changes were created by reducing the thickness of the insulating layer within the
evaporator and using a different impeller directly above the compensation chamber, respectively.
4.2 Prototype Characterization
Upon completion of the design process, the Mk I1a evaporator, featuring the modified
compensation chamber, was built using the same manufacturing process as past prototypes. Prior
to integration into the PHUMP assembly, this component was tested on an experimental set up
that replicated the operating conditions of PHUMP to verify its performance. Previous
evaporators had been tested under the same conditions, allowing for a performance comparison
of the different designs to be made.
Testing results showed that the Mk IIa evaporator had performed in accordance with its
design goals. The temperature difference between the compensation chamber and the vapor
channels had been reduced significantly when compared to the Mk I and II evaporators that
featured the original compensation chamber design. This decreases the stress on the liquid-vapor
interface in the condensers at high heat loads, mitigating the risk of vapor burst through. The Mk
1I1a design also maintained a sufficient temperature difference between the compensation
chamber and the vapor channels to prevent condenser flooding at lower heat loads. The design
met its two primary goals and allowed for stable operation of PHUMP without the use of an
active compensation chamber or liquid reservoir that would have reduced the COP of the device.
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Integration of the Mk Ia evaporator into the PHUMP assembly failed due to damage
incurred during the manufacturing process. Later, the Mk IIb evaporator was integrated into this
device with some success, however its operation was unstable and non-deterministic. These
issues were due to damage incurred during the manufacturing process and not inherent to the
design of the compensation chamber.
4.3 Application Considerations and Design Recommendations
High performance heat pipes are generally designed for a single application and as such are not
often produced in large volumes or designed with a wide range of applications in minds.
Furthermore, given its secondary role in device performance, the compensation chamber or
liquid reservoir is often an afterthought in system-level design. The design of this component is
thus attempted on a case by case basis, with little literature existing that outlines general design
rules or approaches. Though this work focused on PHUMP, the design process used can be
extended to any heat pipe.
The primary role of the compensation chamber in any heat pipe is to ensure that the
device is always at a state of stable operation. The design process of the compensation chamber
used in PHUMP began with an analysis of the failure modes that result in unstable operation or
reduced performance. Once these were understood, the compensation chamber's role in
preventing these was identified to produce a set of thermal design requirements. Additional
constraints were placed on the design by the mechanical and geometrical requirements of the
device. These factors combined to produce the successful final device design.
The design of a compensation chamber or liquid reservoir should always begin with the
identification of the primary failure modes of the device. While these can vary from device to
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device, condenser flooding and evaporator dry out occur nearly universally and are the most
detrimental to device performance. Additional failure modes can be present on a device by
device basis and should be considered accordingly.
4.4 Future Work
The failure of the Mk Ila assembly and the reduced performance of the Mk IIb can be
attributed to damage to the condensers that occurred during manufacturing. An alternative
manufacturing and assembly process is required to prevent this from occurring. Silver brazing
and Monel welding should be used, as they have consistently produced robust leak tight joints
that do not require any additional machining or assembly. Future work is required in the
development of a reliable manufacturing and assembly process using these techniques.
The flow reversion caused by the use of a weaker impeller above the evaporator had not
been predicted during the design process, but should be considered on future designs. A 1-D
flow network solver or CFD package would predict these effects and should be used to prevent
this problem from occurring in future designs.
The most common problem in compensation chamber design is the conflict in
performance requirements at low and high heat loads. At low heat loads, a large temperature
difference between the liquid and vapor phases is required to prevent flooding. At high heat
loads, a small temperature difference is required to prevent vapor burst through. Improvements at
one operating point come at the expense of performance at another. One solution to this problem
(in addition to that presented in this work) lies in the use of a variable conductance heat pipe
(VCHP) to connect the vapor channels and compensation chamber. As its operating temperature
increases, the effective thermal conductivity of a VCHP increases. This allows for a large initial
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temperature difference that decreases as the heat loads increases, reducing the risks of both
condenser flooding and vapor burst through. Additional information on VCHPs is provided in
Faghri [14].
While attractive for use in PHUMP, this technique presented significant manufacturing
challenges that prevented its implementation. However, the benefits that this approach provides
would seem to outweigh any challenges, and it is recommended that future works explore its
implementation into an LHP.
4.5 Concluding Remarks
This work has detailed the design of a compensation chamber for use in a multiple condenser
loop heat pipe. This component ensures the stability of the device across a wide range of
operating points and reduces the energy requirements of the device, increasing its coefficient of
performance. The design was performed using computational and experimental methods and the
resulting device was tested experimentally after fabrication to verify its performance. The
component matched performance expectations.
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